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We proi)()so iu this paper to calculate by a statistical method the 
surface free energies of binary liquid systems which form perfect solutions. 
We shall then show that this treatment is consistent with the Gibbs 
thermodynamic discussion of .surfaces of discontinuity ; and finally we 
shall extend the treatment to certain special cases of solutions which are 
not perfect. 

A perfect solution may be defined ^ as one in which : 

(^^) the molecular species (i) and (2) pack in the same way, so that a 
molecule of, .say, species (i) has the same number of nearest neighbour' con- 
tacts as a molecule of .species (2), 

(h) the molecular volumes and Fg are such that in any mixture 
the two species pack in the same way as in the pure liquids ; the volume 
V of any mixture of % molecules of (i) and molecules of (2) is 

V ^ + %Fa, 

(r) the free vf)lumes, and Ug are such that the approximation 



niVi + =* (fti 4 - •+* 

is applicable, 

(d) the total potential energy, IF, of the system can be regarded as 
the sum of the contributions of nearest neighbours, and there is no change 
in the potential energy when a molecule of species (i). surrounded by 
molecules of its own kind, exchanges position with a molecule of species 
(2) surrounded by molecules of species (2), This implies that there is no 
heat of mixing, or that + cgg) where egg, c^g are the potential 

energies of a i— i, a 2- — 2 and a i — 2 contact respectively. 

The free energy of such a solution is given by 

F — nxXt + ”” In <^ijx — nJcT In g + % /cT In Aq + n^kT In (i) 

where xi Xt W the potential energies, and ^g, A and /g are re- 
spectively the translational and rotational contributions to the partition 
functions of species (i) and (2), and and ^2 are their mole fractions. 

In general the 'composition of the surface will be different from that 
in the bulk. Let us assume that this discontinuity is restricted to the 
surface layer of molecules which contains molecules of species (i) and 
•Wgrt molecules of species (2) with corresponding mole fractions and 
With respect to the potential energy, however, the discontinuity also in- 
cludes the second layer, so that in calculating the free energy change involved 
in surface formation, both layers must be taken into account. Any other 
layer parallel to the surface will be part of the homogeneous bulk phase. 

We may calculate the free energy of surface formation in two stages : 
(a) the formation of a layer at the surface of molecules of species (i) 
and Wg molecules of species (2), i.e. of a layer of same composition as the 
bulk and (b) the formation on this layer of a surface layer of and ^gg 
molecules of the two species. The free energy of surface formation is the 

^ B'owlcr and Guggenheim, Statistical Thermodynamics, p. 353. 
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sum of the terms involved in these two processes. The free energy of 
molecules of species (i) and molecules of species (2) in the bulk is 
given by equation (i). The free energy of these molecules at the surface is 

^1X1 + %/cT In ^'iJU nJiT In ^'2/^2 + In -j- In Xf^ 

where the primed terms refer to this layer in the surface ; the mole fractions 
are the same as those in the bulk. The free energy change in forming thivS 
layer is then 

niix'i — Xi) + ~ Xa) — '^^kT In (2) 

The free energy of molecules of species (i) and (2) in the bulk is 

%aXi ”1" "^23X2 ““ fiisHT In <^ijx '^n&k'T In ^2^2 -f- In x^ T* hi x^ 
where the subscript g refers to the surface layer. The free energy change 
involved in the formation of this layer is 

- ») + - Xi) - ^.kTln - n^kT In ^ + n,,kT In 

+ «,,/crin^+«i/crin^i + »,/crin^? (3) 

9iJ 1 9iJ a 

in which we assume that the ^ and J terms for the second layer are the 
same as in the bulk of the solution, and that -h ‘^^23* "l"hc 

total free energy of surface formation is the sum of expressions (2) and (3). 

The Evaluation of the Potential Energy Terms. 

The potential energy of a perfect solution, as we have stated above, 
can be expressed as the sum of the contributions betweeir nearest neigh- 
bours. Let Zb be the number of nearest neighbours in the bulk of the 
solution, where Zjj is independent of the composition. The total potential 
energy of molecules of species (i) and molecules of species (2} is given 
by 

W = (til ~i- "h "H 

— (% + ni)^Zii[Xi€ii + — i(<ii + «aa)]]' 

For a perfect solution which fulfils condition (d), pagO i, this reduces to 
W = (ni + n,) iZs (^ 1 % 4- -■'^aSaa) 

= %Xi + W,Xa (4) 

where 

Xx = % 3 'iid Xi ^ 

Let Zg be the nunaber of contacts with neighbours in the surface layer 
in the plane of the surface, and let Z' be the total number of contacts ff>r 
a molecule in the surface. We shall assume that the packing is uuilbrni 
and that Z' is also the number of contacts of a molecule within tiic stujtuitl 
layer plus those with the .layer below it. The number of nearest noigiiboiir 
contacts for a molecule in the bulk is then 

Zb == Zb + 2(Z' ~ Zh) 

from which 

Zb - Z' ==: Z^ ^ Zb. 

The change in, potential energy in forming a surface of % and molecules 
of the same composition as the bulk {cf. equation (2)) is 

iZ^B ^1^11) T" ^2^22 — ^2^22) 

or 

J(Z' — Zb)(WiCh + . . . * (5) 

The potential energy of %g and tigs rnoiecules in the bulk is 
•J-Zb ^jbCxI + i^Xl ^ 28 ^ 22 - 


(^>) 
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Their potential energy when formed into a layer on the surface is 

(Wjg 4* 4" ^28^22 "I" 2;Vig;^?2a 4" ^2a)] . 

+ (%s 4" Wa8){^^ — -^^s) 4 * 4 " (-^is-^a 4" ■^as^i)i'(^n 4* ^aa)] (7) 

which reduces to 

JZ'Kcn + + HZ' - (8) 

The change in potential energy in forhiing this layer is then 

" — ZT^[yiri^€ix “I" ^as^aa) 4" 4* ^ 2 ^ 22 ) » ( 9 ) 

where a = Wis + ^23/% + ^2* shall now make the simplifying as- 
sumption that the two species have the same molecular dimensions, so 
that + ^2 = ^18 4- ^23 a = r. The potential energy change in- 
volved in surface formation is the sum of expressions (5) and (9) which is 

j^{Z' — Zb) 4- ^as^aa)- * « • (^o) 


The Free Energy of Surface Formation. 

The free energy involved in the formation of such a surface as we 
have postulated is given by the sum of expressions (2) and (3) with the 
potential energy terms substituted, thus 

AF == 4" "^^as^aa) ^is/cT In 

-MjsfcTln^P^ + WisfcTln^^ + Wasfcrin^ (ii) 

0272 Xx ^a 

= ^gAFi® 4“ WasAEg® 4 " WjgkT In ^ 4" n^sfiT hi ^ . 1 . . (12) 

Xx Xz 

where 

APi- = ^{Z' - 2b) ^11 ~ kT In ^ ; AF.« =i(Z' - Zj,)*,, - fcT In 

both of which refer to one molecule in the pure liquid of species (i) and 
(2) respectively ; and in which we have assumed that the 0g and /g terms 
are the same at the surface of the solution as thpy are at the surface of the 
pure solvent; 


The Conditions Of Equilibrium. 

There are two, conditions of equilibrium which we may apply in order 
to find the equilibrium value of Xx^ for a particular value of Xx. 

(i) The yalue of A-F, must be a minimum for variations in Wis and 

= AFi" + ftrin— ® A.Fj“ + ATln — 

<)Wj 8 Xx Dnas j ^2 

from which . 

SAF = ( AFi« + kT In hn^ + (aF,» +; kT In Sw^- - (13) 

(ii) The area of the surface A is given by 

(% -h ^2)<^ = (^18 4 ^ = 44 ■ . . . (14) 

I 

from which aS^is 4* ahn^ = 6 . . . . (15) 

where a is the area of a molecule of either species in the surface layer. 
Hence 

1 AFi» + /cTbi"^ AF,® + IcTln ^?5 1 _ 

Xx ATg = O (l6) 


a 


a 
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which gives 


Hence 


-f kT In = AFg® + kT In 

Xi- x% 


AF == (%a + ^^a 3 )AFi® -j- (Wjig + ^29) /cT In-— 

A-i 

= (Mu + »*29)AFj'’ + (Wi8 + «a3)A:3'ln^" 


- ' (17) 


• (18) 


Now AF = yA where y is the surface tension ; substituting {n^f^ + 
for A in equation (18) we obtain 


I ^ fia 

a ' a Xi 


a Xi 


For the purpose of calculation this may be written in a more convenient 
form ; equation (17) gives 

A,Fa« - AFi« = kT In (20) 


“ x^~x+{o-t)x^ ' • • • ' 

where c = exp (AFg® — LFx^)lkT ~ exp{a(y>i^ — yi^)jkT), 

Equation {19) then becomes 

y = -J/j® -| In j r . , , . (22) 

^ a I + (c — i)xi 

Treatment based on Gibbs Thermodynamic Equations. 

We shall now discuss the above treatment in relation to the thermo- 
d3niainic treatment of surfaces of discontinuity of Gibbs. ^ We may draw 
two geometrical surfaces, one, AA', in the vapour phase, the other, BB', 
in the homogeneous liquid so that v layers of molecules are included in 
the surface phase. The dividing surface, S, may be placed just above 
the surface layer. The fundamental equations of Gibbs for a surface 
of discontinuity is 

dF^ = TdS^ + yd.d + fiidn^ + + . . . • . (23) 


from which we obtain 


ydA 4 * P'ldn^ + + * « # 

A = F^ -- — WaVa » 


— ^dy = ni^dfii -h n^dfjLg^ . * . (26) 

The superscript ® denotes that these terms are excesses to be associated 

with the (livid- 

aJ La' a 4 -4“^' surface S, 

^ and are tlie 

momoomomo'^ ^ differences be*^ 

«/ o OMOoSnn® tween that term 

region 

• 00 #O.® 0#0 • 00 # 00 # 0 ® between Bli 

and S when the 

. surface layer 

W ' - ( 6 ) has a composi- 

Fig. I. tion different 

from that of the 

bulk (Fig. I (a)) and the term for the same region on the assumption that the 
phases are completely homogeneous up to the dividing surface S {l^ig. x(6)). 

® Gibbs, Scientific Papers, Vol, I, p. 219. 


ioo®o®o®o 
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The surface tension of the solution may be obtained from equation (25). 
We shall again assume that the liquid is close-packed and that the sizes 
of the two molecular species are identical, We then have 

E® 4 “ ‘^23^*21) '^IshX In In 

“1“ ^iskT* In ^23 4 “ WjakT In X2q 
+ (v — + WaCza) — nJiTln — nJiTlry 

+ nJcT In Xx 4- nJcT In x^ 
““ H“ ^a^aa) Wi/cTln — nJiTlXi ^2/2 

4- %A:r hi Xx 4- '^zhT In x^ (27) 

The value of P® is independent of the position of the geometrical surface 
BB' so long as it is drawn in the homogeneous region. The potentials 
in the bulk phase are given by 

1^1 — ^T In j}xJx 4 - kT In Xi . . {28) 

Ma = ^ ^32 kT In ^2/a 4- kT In x^. . , (29) 

The surface excesses of molecules of species (i) and (2) are 

= >^18 — nx . « « . (30) 

^2® = ^28 — ^2 (31) 

These values of E®, /aj, and may be substituted in equation (25), 
when we obtain 

yA = “H ^28^22) In 'C' ■ 

9 iJi 

(32') 

92J 2 ^8 

which is identical with equation (ii). Further, we may define the poten- 
tial of species (i) and (2) in the surface layer in a manner analogous to 
their definitions in the bulk ; thus 

f*! = + Ml ■ . . . (33) 

+ ftj • • ■ • (34) 

in which the superscript a refers to the surface phase.* In order to obtain 
iJLx^ and "the free energy of the surface phase must be differentiated 
with respect to the total number of molecules of species (i) and of species 
{2) in it. Their values must be independent of the position of the geomet- 
rical surface BB^ ; if this plane is drawn to include another layer of mole- 
cules, the free energy of this layer must be added to and the differ- 
entiation carried out with respect to % and to 7^2 more molecules of species 
(i) and (2). If we denote the various layers by i, 2 etc., then 

^1® = ^ ^-^1 + 2 H -3 = etc. 

5(«ia + %) ()(«i8 + 2«i) 

We may therefore write 

f^x^ = €11 hT In ^ja/is 4 ” kT In Xxq . , , (35) 

^22 kT In ^2bJ d” kT In • • • ( 3 ^) 

* F^ here is the free energy involved in the formation of the surface layer 
on a surface of the same composition as the bulk ; that is the potential energy 
is that between molecules in the surface layer plus the energy of interaction 
between this layer and the layer below it. 
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Hence 


from -whicli 


ya^W' - 2 b)%/- fcT> ^ + AT In^ 
^ i(Z' - Zs) - fcT In + kT In 


• ( 38 ) 


The Gibhs Adsprptioa Equation. 

We must now show that these results are consistent with equation (26), 
which is the Gibbs adsorption equation. ' From equations (26), (28) and 
{29) we obtain 

dy [n^ — ^ — nj) 

_ _ _ ^ ^ 

~~ a LXx 

-'t[ x • ■ • • ■ 

which is the value obtained by differentiation of equation (37) with respect 
to Xi. If we adopt the usual convention and put ni^ = 0 then 

— dy == r^{i_)dfL2 = Fj(i)/cT din jJi^a . • • (4^>) 

where F^u) is the value of n^^/A on this convention. The physical sig- 
nificance of Tgd) is given by equations (39) and (40) from which 




^13 ^2Mi] 


This result may, of course, be obtained directly from equation (26) . The 
value of jTita), i.e. on the convention that Tg = o may be obtained in a 
similar manner. It may be noted that on the assumptions we have made 
^bout the nature of the surface phase, it is not possible to draw the dividing 
surface S in such a way that the value of is zero unless that of is 
also zero. The number of molecules per unit area in the surface layer 
paay be calculateii from equations (41) and (14) ; thus 

.... (4,2) 


5=[x-w]5 


■ (43) 


We have calculated the values of %a ^as (given in molecules per sq. 
cm. X 10“^*) for a number of mixtures from these relations atxd we havti 
tabulated them in Table II. 

The application of the Gibbs method of treatment to systems in which 
the discontinuity is restricted to a single layer of molecules has hcxui de- 
veloped by Butler, ^ who showed by purely thermodynamic methods that 
the surface tension of a- solution is given by equation {38), which, when 
the solution is not perfect, may be written 


y =: y^o 


InTfilS 

a 


' (44) 


where f denotes the appropriate activity coefficient. 

The special case in which and 7^3® are zero is of interest, that is 
when the composition of the surface layer is identical with that of the 
.bulk = Xx ; — X2)* The surface tension of a mixture of any 

composition is then equal to those of the pure components, and further 
this can occur only when the surface tensions of the components are the 
same. 


=» Butler, Proc. Roy, Soc, A, 1932, 135, 34S. 
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Extension to the Case of Unequal Molecular Areas. 

In the foregoing treatment we have assumed that the molecular areas 
of the two species are the same. This restriction is, however, not included 
in the attributes of a perfect solution given on page i, and it has been 
shown ^ that conditions (a) and [d) may hold simultaneously even if the 
ratio of the molecular diameters is as great as 1*26 ; thus a variation of 
the ratio of the molecular areas between i and 1*59 is possible. The case 
treated here is that of a perfect solution in which the molar volumes of 
the components are not the same. As the volume of such a solution is 
given by -h so the area of a layer is given by in the 

bulk and + .^'a3«2s “the surface. The contribution of the mixing 
terms to the free energy will be that of a perfect solution. It must be 
remembered that we are concerned with unit areas (c/. equation. (46)) 
not molar areas. 

The total potential energy change involved in surface formation is 
given by the sum of equations (5) and (9) as before 

^{Z' — 2 ’jj)(wia€n ”h ^23^22) + “■ + ^^2^22) (l — a) . (45) 

but a is not now equal to unity. Let us denote the effective areas of 
molecules of the two species in the surface layer by and aza respec- 
tively ; these will be different from those in the bulk, % and a^, and will 
be regarded as independent of and We shall also have 

“h ^2^2 ^ 4 ” ^ 23 ^ 23 * • • • (4^) 

We cannot now replace the terms in the second layer by the bulk 
terms when the surface layer is added. We shall assume that the 
fraction of the terms wMch may be so replaced is the fraction of the 
surface covered, and that for the fraction of the surface which remains 
uncovered these terms may be replaced by terms. The fraction of 
the molecular species (i) or of species (2) in the second layer that will he 
covered is 

{fliaH + ^23^2 + ^18^2 + ^^2S^i)/K + 

i.e. a, while the fraction remaining uncovered will be (i — a). In the 
process of surface formation 'the fraction covered will suffer no change 
in their J terms, while for those uncovered the terms will change from 

to <^g/s. The free energy change involved in surface formation is then 

AF = ^{Z^ — (wigeii -|- *^23^22) 4 " ”^2^22) — oc) 

- n^kT In - n^kT In - n,{i ~ u)kT In 

9 iJi 927 2 9 iji 

- n,{i - a.)kT In + n,,kT In In . . (47) 

927 2 ^2 

The conditions of equilibrium are now : 

(i) == ^Fx^ + kT In ^ — ^{Z' — Z-ji)€iiXi — ^{Z' — Zxx)€zz^z 

Oflis % 

+ In ^ + x,kT In 

9 i 7 i 927 2 

+ kT - UZ' - 2'b)^ii^i - iiZ' - 

OHzb *^2 

+ xJiT In ^ + x,kT In 

9 i 7 i 9272 

from which 


MP = + feTln^“ - XiCiJPi<‘ - iir^AF/^aWis 

+ (aF," + kT In^ - a'iAF/ - sr^AFs") 
(ii) + ^238^23 = O . 




(48) 

(49) 
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Combining these two we obtain 


AF,» + kT In = (aF,« + fcT In ^ - x^hPA — 

ATjs \ -^1 / 

+ atiAFi" + .tjAFaA 

and substituting this value in equation (47) 


AF = — AFi® + —kT In^® 

«XS 


Thus 
y 


+ ->j- jSfjjAPa®) [(% “f (^is^is + ■^sa^as) (5*^) 

^18 


^ 4. ^ + (;(jAFi« + A!,AF/)r ^-1 

^ ^is ^is -j- '^as^as %eJ 

^ 4. %8 aij^s ( 0 4. In 

ais Xi tiis V % ATi/ 


= + |S 


+ (A^in" 4 - XiVi°)\' 

h “j" ^^2^2 


>] 


Q/ 2 


(51) 


The sign of ^ -will depend on the relative values of and a^. It must- 
be emphasised that equation (51) applies to an ideal solution, and pointed 
out that the term p is absent from equation (44) derived thermodynamically 
by Butler. This term cannot, of course, be written as an activity co- 
efficient, either /^g or /i, both of which in this case must be equal to unity. 
We shall discuss this equation further when we consider experimental 
data. 


Application to Experimental Data. 

Equation (22) gives the surface tension of an ideal liquid mixture in 
terms of the surface tensions of the pure components and the composition. 
It may be noted that when yi® = ya®, c = i, and the curve is then a 
horizontal line ; when y^® y^® the curve is approximately a straight 

line joining the surface tension values of the pure componeiits, and 
equation (22) reduces to the simple mixture law, 

y = yi®;t;i ^ 

As equation (22) applies to ideal solutions, and as the components of these 
are usually closely related substances, the surface tensions of which are 
not far apart, we should expect the simple mixture law to a]iply in such 
cases. An examination of the available data shows that e([uatioii (22) 
gives good agreement with the experimental vahies when the mixtures 
are ideal, but that discrepancies are found when there is a doparture from 
ideal behaviour. 

We have collected these data in Table I, which we have divided into 
two parts. The table gives the mean area per molecule in A'^ calculated, 
from density data, the surface tensions of the pure components in dynes /enn 
the value of c, and in the last two columns the observed and calcu- 
lated values' of y corresponding to a bulk mole fraction of 0-5. The 
agreement between the observed and calculated values is good hir those 
mixtures in Part I of the table ; methyl alcohol-ethyl alcohol at 50^^, 
however, shows a discrepancy. The data of Kremann and Meingast'are 
not so suitable for our purpose as those of the other authors, 'Iheir 
measurements were made with a view to finding the effect of temperature 
on the surface tension, arid the y — % curves plotted from their values are 
in many c^ses not smooth ; the observed value given in these cases is the 
mean of the values for two mixtures for which the experimental error niav 
be comparatively large. . j 
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TABLE I. 


Mixture. 


a 

Ay 

Cn 

yi® 

Va® 1 

^ obs. 

calc. 



dyae/cm. 


dyne/cra. 

dvne/cta. 

* 

dyne/cm. 

dyiie/ciu. 


Part I. 


I Benzene-W" 

29r*2 

1 37*7 

0-00 - 

' I -00 

[ 28-46 

0 

cb 

1 28-40 

28-40 

Xylene 

2 Methyl alcohol- 
Ethyl alcohol ^ 

273 

22-35 

0*553 

1-034 

23-643 

23-090 

23-40 

23*37 

3 ft ft 

303- 

22-84 

0-303 

i-oi6 

21-058 

,20*756 

20-91 

20-91 

4 

323 

23-07 

0*246 

I-0I3 

19-446 

19*200 

19-24 

19*34 

5 H, 0 -D ,0 8 . 

29S 

11-2 

I-I 5 

1-03 

72-06 

70-91 

71-48 

71-48 

6 w-Xylene- 
0 -xylene ’ 

293 

43:-3 

1*27 

I-I 4 

28*90 

30-17 

29-20 

29-52 

7 m-Xylene- 
;^-xylene 

293 

41-7 

0*53 

1*059 

28-90 

28-37 

28-50 

28-63 

8 o-Xylene- 

293 

41-5 ' 

1*80 

1-204 

30-17 ' 

28-37 

— 

29-22 

;^-xylene ^ 

■9 Chlorobenzene- 
bromobenzene ’ 

293 

37-0 

3*49 

1-380 

33*11 

36-60 

34-65 

34*72 


:io Benzene- 
Toluene ^ 

291*2 

44-8 

Part 

0*34 

n. 

1-039 

28-40 

28-05 

28-15 

28-22 

.11 Benzene- 

chloroform * . 

291*2 

32-45 

1-58 

1 

1-141 

28-40 

26-82 

27-30 

27-60 

12 Benzene-carbon 
tetrachloride 

323 

44-0 

2-0 0 

1*218 

22-98 

24-98 

23-73 

23-92 

13 Benzene-ethyl 
alcohol ^ . 

298 

28-2 

6-ii8 

1*52 

27-263 

21-145 

23-65 

23*90 

14 Benzene-ethyl- 
ene dichloride ^ 

287 

26*0 

3-22 

1-234 

29*65 

32-87 

30-50 

31-15 

15 Chloroform- 
acetone * 

291-2 

30*0 

3-58 

r*3i 

23*75 

27-33 

25-64 

25-46 

16 Chloroform- 
ether ^ . 

291-2 

30*6 

9-83 

2*10 

27*33 

17-50 

20-82 

2 I '74 

17 Acetone-Car- 
bondisulphide ^ 

287 

26*0 

8 - 8 o 

1*79 

i 

33*19 

24-39 

25-40 

28 'I 


The data of Part II of the table do not show such good agreement 
between the observed and calculated values. These discrepancies may 
.arise from several causes : the mixtures may not be ideal in their be- 
aviour, they may not pack in the way we have postulated, the areas 
•of the molecules in the surface may not be identical, nor may they be the 
same as those calculated from the density of the bulk, there riiay be a heat 
of mixing term, and finally the discontinuity between the phases may 
not be restricted to a single layer of molecules at the surface. All these 
effects may be simultaneously operative in producing a divergence from 
equation ( 22 ). The unreliability of the experimental data in some cases 
makes it difficult to decide how closely a mixture approximates to an 
ideal system. Table III, which is taken largely from Hildebrand,® gives 
some data for these mixtures which show their deviations from ideal laws 

• ^ Whatmough, Z. physik. Chem., igoz, 39, 129. 

® Morgan and Scarlett, /. Amer, Chem. Soc., 1 9 39» 2275. 

® Belton, Trans. Faraday Soc., X935i 164^. 

^ Kremann and Meingast, Sitz, k. Akad. WieHf 1914, 123, 821. 

® Jones and Ray, /. Chem. Physics, I937» Sr 505. 

® Hildebrand, Solubility of Non~Blectrolytes, p. 60. 

I * 



lo MOLECULAR FORCES IN SURFACE FORMATION 

at temperattires not far removed from those of the surface tension data ; 
it gives the difference between the observed and calculated surface 
tensions (Ay), the deviation per cent, from Raoult's law (R. Law %), 
the change in volume per cent, on mixing (AF %), and the heat effect 
per mole on mixing [AH). The signs of these differences are such that 
the curves calculated from equation (22) are in all these cases closer to 
the straight line joining the surface tensions of the pure components. It 
is of interest to note that in all the examples quoted, the observed surface 
tension lies below that calculated ; this is so for mixtures 16 and 17 in which 
the deviations from Raoult’s law and the heat of mixing are compara- 
tively large values of opposite sign. This is, however, not universally 


TABLE II. 


Mix- 

ture. 

1. 

2 . 

3 . 

4. 

5. 

6 . 


«1S. 

^ 2 S. j 

»ls. 

« 2 S. 

^IS. 

^ 2 s 


»» 28 . 

’^IS. 

^^ 28 . 

« 1 S. 

^ 2 H. 

0 

0 

2-65 

0 

4*47 

0 

4-38 

1 

0 

4*34 

0 

8-93 

0 

' 2'42 

O'l 

0'26 

2*38 

0*45 

4*03 

0*44 

3 '94 

0*44 

3 -go 

1*03 

7*90 

0*27 

' 2*13 

0-3 

o*8o 

1-86 

x -37 

3*10 

1*33 

3*05 

1*32 

^*02 

^•73 

, 6-20 

o- 8 o 

1-42 

0-5 

1*33 

i ’33 

2-27 

2*20 

2*21 

277 

2-19 

2-45 

4*43 

4-40 

1-28 

1*14 

07 

1*86 

0‘8o 

3*16 

1*31 

3-08 

1*30 

3*05 

I'29 

6*31 

2'62 

176 


0-9 

2-38 

0*26 

4-04 

0*43 

3*45 

0-43 

3*91 

0-43 

8 *06 

0*87 

2-21 

0 ' 2 I 

I'O 

2-68 

0 

4'47 

0 

4*38 

0 

4*34 

0 

8*93 

0 

2*42 

0 


Mix- 

ture. 

7 . 

8. 

9 - 

.0 j 

ri. j 

IS. 


^is. 

«28, 


^28. 

^IS. ' 

i 

^2S. 

%a. 

^2S. 



^ 18 . ; 

^ 28 . ‘ 

0 

0 

2*40 

0 

2*41 

1 

0 1 

270 

0 

2-33 

0 

3*08 

' 0 

! 2-29 

0*1 

0*25 1 

2-15 

0-28 

2*13 

0*36 1 

2*34 

0-23 

2*00 

0'33 

2*75 

0-27 

i 2*00 

0-3 

075 

1*45 

0*42 

1*59 

I'og 

1*70 

o-6g 

1*54 

I-OI 

2*07 

078 

, 1*49 

0*3 

r-23 

i'i7 

1*32 

l-og 

1-56 

I-I 4 

1*14 

1-04 

1*49 

1*49 

1*26 

1*01 

07 

1 71 

0-64 

178 

j 0-63 

2*06 

0*64 

1*38 

0*65 

2*24 

0*84 

1-68 

i 0*59 

0-9 

2*17 

0-23 

2-21 

1 0-20 

1 2-50 

0’20 

2-01 

0*22 

2*81 

0*27 

2-oH 

1 0*I<) 

1-0 

2-40 


2-41 

0 

270 

! 

0 

2*23 

0 

3-o8 

0 

2'2'jf 

0 

i 


true ; mixtures of methyl alcohol and ethyl iodide and of jiceiic acid 
and pyridine, which show minima in their vapour xu’essiire composition 
curves, show surface tensions greater than those calculated from ilio simple 
mixture law. The case of acetone-chloroform is iiitorc.sting in that al- 
though it shows wide deviations from Raoult's law (a miiiinnim in the 
vapour pressure composition curve) the surface tensions of mixtures folltjw 
the simple mixture law and are greater than those calculated from equa- 
tion (22). The system ethylene dibromide-propylene dibromide Mhms 
Raoult's law, but the surface tension curve is again below the straight line 
by about 0*5 dyne /cm. at a mole fraction 


' ^ * Yajnik, Shurma and Bharadwaj (/. Ind. Chem. Soc. Ill, 63, 1926) have 
given data m support pf the view that when RaoulFs law is obeyed the surface 
tension curve is a straight line, when the deviation from Raoult's law is po.sitive 
that of the surface tension is negative and vice versa. Their data are recorded 
in terms m volume per cent, and do not in all cases give smooth curves, Al- 
qugn emyiene dibromide-propylene dibromide and benzene-ethylene cldoride 
mixtures both obey Raonlt s law, the surface tension-mole fraction curve is W(dl 
below the straight line of the simple mixture law in both cases' 
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TABLE III, 


II 


Mixture. 

^y. 

<5* 

R. Law 
®/o. 


AH. 

Benzene — Toluene 

0-07 

1-342 

4-9 

4-0*16 

- 19 

Chloroform 

0-30 

1-418 

—0-6 

— 

+ 97 

Carbon tetrachloride . 

0*19 

+3’5 

o-o6 

— 18 

Ethyl alcohol 

0*35 

1-52 

+ 60 

— o-oi 

-350 

Ethylene dichloride 

! 0*^5 

1-23 

0 

4-0-34 

— 10 

Chloroform — Acetone 

1 --0-1 

1-25 

— 26 

—0-23 

+459 

Ether . 

0-88 

1-86 

-71 


+650 

Acetone — Carbon disulphide 

3*2 

1-79 

4-35 

+ 1-6 

r ^ 


Deviations from equation (22) caused by a difference in the area of 
the molecules of the two species ‘are given by equation (51), We may 
calculate the value of the term p for the special case in which the areas in 
the surface and the bulk are the same (ai = == «28) for ^ bulk 

mole fraction ~ 0*5 ; then 

^ “ i(yi“ + I .... (52) 

% T' ^2 . 

We may note that in this case (^is — = {n^ — hut 

(^18 + ^ 2 a ) 

When ai = ^2 then j3 = o. Thus in the mixture heavy water-water, 
yi" — 7 d2o = 70-91, ya® = 72-06 dynes/cm., = ii*2Aa, = 11*55^2 
and /3 = — i*i dyne/cm. In the mixture methyl alcohol-ethyl alcohol 
at 0° C., vi® = 23-090, 72® = 23-643 dynes /cm., = II5•2A^ 

from which j3 = 2*9 dyne/cm. 

The value of Xis, however, will be different from those calculated from 
equation (20). The value corresponding to equation (51) is given by 
(48) and {49) 

/faV' = exp. + ^2fl^2(AF2® - AFi®) 

\ Xi J \XzqJ hi. 


For aTi = = 0-5, we have 


(2% 


[2(1^- Aris)]'** ■“ “ 2k2\ 

The value so calculated for the heavy water-water mixture is Xi^ 
which gives 


(«i + «j)(ys‘’«j - yiS) 


(54) 

0-515 


7 = 70-91 + 0-74 — i*r = 70-55 dynes /cm. 

For the methyl alcohol-ethyl alcohol mixture Xi^ 0-19 which gives 
7 = 23-090 — 3*3 -f 2*9 = 22-89 dynes /cm. 


The agreement with the observed -sralue is poor compared with that given 
by equation {22). We must conclude therefore that either (a) the effective 
areas ai and in the surface are identical even though those calculated 
from the molar volumes of the pure components are different,* or {b) the 
areas in the surface are different from those in the bulk, in which case 
we have no means of calculating x^b, «ib <*23 independently, 


* In the tabulated values we have used the mean area of the two components 
calculated in this way. It would now appear that a better method would have 
been to calculate the mean area from the molar volume of the mixture ; values 

so calculated, however, are very little different from those used. 
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Summary. 

The free energy of surface formation and the surface tensions of ideal 
binary mixtures have been calculated by a statistical method, he 
treatment is discussed in relation to the thermodynamic theory of sur- 
faces of discontinuity of Gibbs, and is extended to include regular solutions. 
Good agreement with the available experimental data ivS fotind for ideal 
mixtures ; the deviations of non-ideal mixtures are discussed. 

Physical Chemistry Department, 

The University, Leeds 2, 


A THERMODYNAMIC STUDY OF BIVALENT 
METAL HALIDES IN AQUEOUS SOLUTION, 
PART XL THE OSMOTIC AND ACTIVITY 
COEFFICIENTS OF ZINC IODIDE AT 25^ 

By R, H, Stokes.* 

'Received I'jth April, 1944, 

The thermodynamic properties of zinc iodide solutions liavc only recently 
been the subject of precise measurement. In 1938 Bates ^ made extensive 
measurements of the e.m.f. of the cell : 

Za(Hg)/Znl2(M)/AgI— Ag, . . . Cell I 

at concentrations between 0*005 and 0*8 molal ( 3 V£) and over the tem- 
perature range 5°-4o'’. From these measurements he derived the standard 
potential of the Zn electrode, the activity coefficient and the relative 
partial molal heat content and specific heat of zinc iodide. 

In 1943 Egan and Partington « reported measurements of the cell : 

Zn/Znl2(G)/HgJ2— Hg-~HgA/Znl2(G==:o*263i)/Zn, . Cell II 

E.m.f. s were determined at 25^ and 35^ over the concentration range 0*002 
to 0'26 molar (0). Similar measurements by Baxter ® were quoted by 
Egan and Partington ; these were at 25° and covered the concentration 
range 0*005 <^*25 molar. A double cell of this type does not ctiabltj 

a determination of the standard electrode potential to be made but, by 
suitable computation, it does give values of the activity coefficient . 

If the experimental measurements of Bates, Egan find l^artington, 
and Baxter are consistent, the e.mi.s of Cells I and II, containing th<i 
same molality of Znlg, should differ by an amount independent of 
molality the difference depending only on the standard potential of 
Cell I, the potential of the right hand half cell of II and the Ag — Agl anti 
Hg— Hgala potentials. The same is true of the quantity {E -p Jog M) 
where k = 2*303^/2^. 

By converting molar (G) to molal (M) concentration units and cotu- 
paring the three values of [E + 3k log M) it may be shown that the three 
sets of data are consistent up to a concentration of 0*05 M. Above this 
concentration, although the measurements of Baxter and of Egan and 
Partington on the same type of cell are in agreement, there is a largtj 
discrepancy with the determinations of Bates, amounting to almost 
50 mv. -at 0*25 M. Corresponding to this difference in e.m.f. the data of 

♦ Communicated by Dr. R. A. Robinson. 

^ Bates, J, Amer. Chem, Soo., 1938, 60, 2983, 

2 Egan and Partington, J. Chem. Soc., 1943, 157. 

^ Thesis, London University, 1939, 
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Egan and Partington give the extremely high activity coefficient at 0*25 m. 
of approximately 2*0 in contrast to a value of the order of 0*56 obtained 
by Bates, Since the normal experimental error in cells of this type should 
not be more than 0*1 or 0*2 rav. the dis- 


crepancy is serious, and an independent check 
of the data by another method is clearly 
desirable. We have now completed a series 
of isopiestic vapour pressure measurements 
on Znia at 25*^ over the concentration range 
0*1 to 2*5 M . 

Experimental. — Znlg was prepared by re- 
action between A.R. zinc and A.R. iodine 
under distilled water in a stream of Hg, the 
mixture being raised to the boiling point in 
order to complete the reaction. An excess 
of Zn remained and the solution precipitated 
basic salt on cooling. This was redissolved 
by the addition of a small amount of pure HI 
solution freshly decolourised by Zn, and the 
solution was allowed to stand over metallic 
Zn in an atmosphere of for some days. It 
was then boiled again and no precipitate was 
observed on cooling. This stock solution was 
analysed gravimetrically for Zn as ZnNtl4p04 
and for I as Agl, the results indicating a 
stoicheiometric ratio of Zn : I == 1*002 : 2*000. 
The solution was stored under Ii2 in a saturator 
flask from which it was driven out by Ha 
pressure as required. It remained clear and 
colourless throughout, and a further set of 
analyses towards the end of the work showed 
that there had been no change in composition. 


TABLE I. — Isopiestic 
Molalities at 25®. 


-W'ZnIa. 

^KCL 

0*1052 

0*1540 

0*1244 

0-1836 

0*1458 

0*2173 

0*3055 

0-4877 

0*3660 

0*6002 

0*4968 

o*86i6 

0*5181 

o*go66 

0*7138 

1-346 

0*8570 

1-674 

0*9435 

1-881 

1*124 

2*289 

1*228 

2*517 

1*343 

2*770 

1*520 

3*122 

1*709 

3*477 

1*833 

3*704 

2*050 

4*077 

2*099 

4 * 3 : 53 : 

2*513 

4*8io 


Weighed portions of this stock solution were equilibrated with KCl 
in the usual apparatus.^ The Znlg solutions were contained in Pt crucibles 


TABLE II. — ^Vapour Pressures of Zinc Iodide Solutions at 25® 

(in mm. Hg.). 


Isopiestic. 

Bates (e.m,f.). 

Egan and Partington (e.m.f.) . 

M. 

Pa P- 

M. 

(f’O - P)- 

M. 

fpi - p). 

0*1052 

0*120 

0*07441 

0*085 

0*0486 

0*0557 

0*1244 

0*143 

0*1224 

0*142 

1 0*0691 

o-xoo 

0*1458 

0*169 

o*X77i 

0*209 

! 0*0827 - 

0*125 

0*3055 

0*373 

0*3289 

0*402 

0*1009 

0*164 

0*3660 

0*457 

0*4176 

0*535 

0*1229 

0*210 

0*4968 

“•&53 

o*8oo8 

1*169 

0*1350 

0*233 

0*5181 

0*687 



0*1694 

0*311 

0*7138 

1*019 



0*1964 

0*369 

0-8570 

1*268 



0*2243 

0*435 





0*2669 

0-535 


or in square Pt dishes, and the KCl in Ag dishes. A few points were 
run using the hydrogen-vacuum technique used for ferrous chloride and 
described in Part VIII of this series.® It was found, however, that no 


Robinson and Sinclair, J. Amer. Chcm. Soc., 1934, 1830. 

® Stokes and Robinson, 7mns. Faraday Soc., 1941, 37, 419. 
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detectable oxidation occurred if the dishes containing the Znia solutions 
were weighed quickly and placed in the desiccator, which was then evacu- 
ated and ‘'rinsed'' with Hg several times in succession before the final 
evacuation* As this simpler method eliminated the tedious and less 
accurate analysis of each equilibrium solution, it was adopted for the 
remainder of the work. 

In Table I are recorded the molalities of the isopiestic pairs of solution.s, 
the KCl molality being the second of each pair. Agreement between 
duplicate dishes was of the order of o-i %. Molalities of Znl^ were based 
on the iodide analyses. 


Discussion. 

Vapour Pressure of Zinc Iodide Solutions.^ — Whilst the calculation of 
activity coefficients is complicated by the question of the value to be 

assigned to the most 
dilute solution acces- 
sible to the isopiestic 
technique, and hence 
depends upon the ac- 
curacy of the emi.f. 
measurements below 
this concentration, as 
well as upon the cor- 
rectness of the ex- 
trapolation for the 
standard potential, 
the osmotic coeffici- 
ents and vapour pres- 
sures are not open to 
this objection. Con- 
sequently it was de- 
cided to use the 
vapour pressures in 
the comparison of the 
^ isopiestic and e.m.f. 

results* Table II gives the vapour pressure lowerings of Znlg solutions 
calculated from the isopiestic data in Table I together with the osmotic 
coefficients of KCl given by Robinson and Harned.® Table II also gives 
the vapour pressure lowerings calculated from Bates' results. '‘J.lus cal- 
culation was made as follows. From the fundamental relations : 

G, = Sa® - iiF{E - 7?o) 
dG“ -- N,dG, 
dGi = FT din pjp^, 
it follows that for a 1-2 salt at 25^=’ 

^^SP/Po 0*6091 MdE. . , . (x) 

This integral may be evaluated with great ease by taking advantagti of 
the fact that the graph of E versus log M is almost a straight line. Sub- 
stitution oix = (E a log M) gives : 

fog PipQ = 0-6091 M dx — (0-6091/2 *303) aikT. 

For this integration a value of a ^ 0-08325 was found convenient, -By 

® Robinson and Harned, Chein, Rev., 1941, 38, 439. 
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a suitable choice of the value of a, \M6^ can be kept small enough for 


accurate graphical evaluation. 

The last two columns of Table II contain values of the vapour pressures 
calculated in a similar way from the 25° results of Egan and Partington. 

It must be emphasised that this method of calculating the vapour 
pressures from the e.m.f. results is the most direct possible, involving only 
the actual experimental data and the laws of thermodynamics. No 
appeal is made to any theory of strong electrolytes and no extrapolations 
are involved. The plots of these vapour pressure lowerings, shown in 
Fig. I, reveal excellent agreement between the data of Bates and the 
present work, whilst the results 

calculated from the measure- TABLE III.— Osmotic and Activity Co- 
meirts of Egan and Partington efficients of Zinc Iodide at 25°. 


are so markedly different as 
to suggest that at the higher 
concentrations their values are 
affected by some systematic 
error. 

Osmotic Coefficients. — 
These were calculated from 
the isopiestic data of Table I 
and the standai’d values for 
KCl. They are given in 
Table III. 

Activity Coefficients. — 
Since the isopiestic vapour 
pressure results have provided 
good evidence for the reliability 
of the e.m.f. data of Bates, his 
activity coefficient at 0*1224 M. 
may be taker as a reference 
value. It would be as well, 
however, to first consider the 
extrapolation of his data to 
yield the standard potential of 
the Znia cell since this value is 
needed in the calculation of 


m . 


y . 

0*1 

0-893 

0*581 

0*125 

0*901 

0-572 

0*15 

0*907 

0-565 

0*2 

0*921 

0*559 

0*3 

0*957 

0*566 

0*4 

0*997 

0-585 

0*5 

1*039 

0 * 6 I 2 

0*6 

1*084 

0*648 

07 

1-126 

0*686 

0*8 

1-164 

0*727 

0*9 

1-199 

0*769 

1*0 

1-227 

0*809 

1*2 

1*267 

o * 88 o 

1*4 

1*288 

0-938 

1-6 

1*295 

0*982 

1*8 

1*294 

1*017 

2*0 

1*289 

1-043 

2*3 

1*282 

1*065 


1*269 

1*089 


the activity coefficient. _ 

Egan and Partington used a plot of {E + log C) against V C. Th^, 
however, is only reliable if there is a linear dependence of log y on VC. 
The La Mer, Gronwall and Greiff equation, which they also employed, 
is more satisfactory, but in the case of the large ions of Znl^ it gives results 
which are experimentally indistinguishable from those of the simple 
Debye-Hiickei form : 


-log/- 


0*5091 jtz 

I 4 - o*3286a VjLt 



where /x is expressed in terms of molarities. 

Thus if we put a = 6*33 a. can reproduce by equation (2) the 
activity coefficients calculated by Egan and Partington from the La Mer, 
Gronwall and Grieff equation with a diameter of 6*1 a. (column 9 of their 
Table IX) . It is therefore clear that in this case at least there is nothing 
to be gained by the use of the more cumbrous La Mer form. 

Equation (2), with an added term linear in /x, has been shown to be 
capable of describing the activity coefficients of the alkali halides up to 
I M., and it may therefore be anticipated that it will also be satisfactory 
for I : 2 halides up to the same ionic strength, and therefore satisfactory 
for the extrapolation of the standard potential. This was the method 
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used by Bates. However, in view of the slight changes in the universal 
constants of equation (2), necessitated by Birge's ’ recent revision of these 
constants, we have recalculated the data of Bates using the extrapolation 
function : 

£'„ = £ + A log 4 + 3k log M - 3/i| - 4. log (I +0-054A/) j. 


We find that the value 
a = 6*0 A. gives a 
satisfactorily linear 
extrapolation to 
Bo = 0*61040 . volt 

which is only o*i mv. 
lower than Bates" 
value. The stoicheio- 
metric activity co- 
efficients derived from 
this value of Eo sin-d 
Bates" unsmoothed 
25® e.m.f.s above 0*1 m. 
are given in Table IV, 
equation : 


TABLE IV.— Comparison of Activity ('co- 
efficients OF Zinc Iodide at 25®. 


M. I 

Bates e.m.f. 

liquation (3), 

Isopiestir, Data. 

0*1224 

0^572 

0*571 

(©•572) 

0*1771 

0*564 

0*563 

0-561 

0*3289 

0*568 

0*573 

0-570 

0*4176 

0-594 

0*591 

0-580 

o*8oo8 

0-736 


0-727 


along with those calculated by the Debye-Hiickel 


- log y — 


1*018 V/i 

I -f ix 


- o*ii05fM + log (i 4- 0-054M), 


( 3 ) 



Using the value of 
y == 0*572 at 0*1224^, 
derived from e.m.f. 
data, as a reference 
value, a c ti V it y co- 
efficients have been 
computed from iso- 
piestic data by the 
equation of Kaiulall 
an d White.® Tliese 
are given at round 
molalities in Table IH. 
Table IV gives y valuCvS 
interpolated from tlu^ 
results of Tabh) HI at 
molalities corresix nul- 
ing to tliose (luoteci by 
Bates. 'Hiti agreement 
with the resiilt.s of 
Bates is satis l'cUt;oiy 
except at o*Soo8 m, 
where the c.niJ'. nisiilt 
may l)e affected by the 
solubility of Agl in the 
electrolyte. The agree- 
ment with the theo- 
retical equation (3) is 
also satisfactory. 

In Fig. 2 the fictivity 
coefficient curve for 


compared with 

those for several other bivalent metal iodides. The curve follows the liurmal 


’ Birge, Bev. Mod, Physics, 1941, 13, 233. 
® J. Amer. Chem. Soc,, 1926, 48, 2514. " ' 
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pattern up to about i m., after which it begins to fall off and crosses the 
other curves. In this respect zinc iodide resembles zinc bromide and 
chloride, though the effect is least marked in the iodide. Experiments 
shortly to be published show that this eifect is due to the formation of 
complex ions or to incomplete dissociation. In this connection it must 
be remarked that neither of these phenomena would explain abnormally 
high values, as was claimed by Egan and Partington, for these effects 
lower the activity coefficient as is exemplified in the case of the cadmium 
halides.® 

A point of great interest in connection with the osmotic coefficients 
is that up to 0*5 M. the values for zinc iodide are almost coincident with 
those for magnesium iodide.^® This is to be ascribed to the fact the 
cationic radii are nearly equal, the values for the unhydrated ions, derived 
from crystallographic data,^^ being 0-65 a, for Mg++ and 074 for .Zn++. 
Both ions may therefore be expected to hydrate to the same extent so 
that the observed similarity of the osmotic coefficients gives strong support 
for the view that the effective ion diameter is the chief factor governing 
the behaviour of these salts. That the resemblance is not found with the 
bromides and chlorides is explicable on the grounds that in zinc bromide 
and chloride complex or intermediate ion formation sets in at lower con- 
centrations. In the absence of these disturbing elfects, the chloride and 
bromide should show effective ion diameters between 5 and 6 a,, so that 
extrapolations using smaller diameters than this must be regarded with 
some uncertainty. 

Summary. 

Isopiestic vapour pressure measurements have been made on Znl^ 
solutions at 25®. The values obtained for the vapour pressures and 
activity coefficients are consistent with the e.m.f. measurements of Bates 
but differ Considerably from those of Egan and Partington. Up to an ionic 
strength of unity the activity coefficients are given witlnn experimental 
error by the extended Debye-Huckel equation. There is evidence that 
complex ion formation begins to play a significant part in solutions more 
concentrated than i m. 

Auckland University College, 

New Zealand, 

® Robinson and Harned, Chem, Rev,, 1941, 28, 446. 

Robinson and Stokes, Trans, Faraday Soc., 1940, 36, 733. 

Pauling, Nature of the Chemical Bond, Chap. X. Cornell University Press, 
Ithaca, New York, 1939. 


THE EFFECT OF SOLVENT TYPE ON THE 
VISCOSITY OF VERY DILUTE SOLUTIONS OF 
LONG CHAIN POLYMERS. 

By Elizabeth M. Frith. 

Received iWi May, 1944. 

1. Introduction, 

The limiting intrinsic viscosity [7?] * of polymer solutions at zero 
concentration is known to depend on the solvent used. In general, solu- 
tions in “ good solvents (which we take to be those which interact with 

* [tj] is the limiting value at infinite dilution of the ratio -^ep/c where i^ap is 
the specific viscosity of the solution. Throughout this paper T^sp/c is retained 
for all finite concentrations and [ij] refers to this ratio at zero concentration only. 
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the polymer chain) give higher values than solutions of polymers in 
bad " solvents or solvent-precipitant mixtures where there is some 
sort of polymer solvent repulsion. A qualitative explanation of this effect 
has been given by Mark,^ Huggins ^ and others : if the interaction energy 
between a polymer link P and a solvent molecule S is positive, when 
the energy scale is so defined that the corresponding enei'gies and 
iijgg are zero, then P — links will be preferred in solution to P — S con- 
tacts and the statistically kinked molecule will coil up more on itself. 
The most probable distance between the ends of the polymer molecule 
will therefore be decreased and the viscosity will be low. Conver.stily, 
if Wpa is less than zero, there is direct P — S interaction and the polymer 
molecule will tend to uncurl, forming in the extreme cavSe a .solvated hull. 
Thus the average value of the distance between the molecular ends will 
be greater, and the viscosity of the solution higher than the corresponding 
values in an energetically indifferent solvent. 

The exact connection between viscosity, molecular weight and the 
distance between chain ends is still obscure. Huggins * and Kuhn ^ 
have, however, shown that for perfectly flexible randomly kinked chains, 
the intrinsic viscosity [t]] at zero concentration is proportional to the 
number of links in the chain. Further, if Lo is the distance lietween the 
chain ends, Lq^ the mean square distance, statistical theory shows that 
Lo* is directly proportional to p the number of chain links, so that the 
intrinsic viscosity [t}] is directly proportional to Lq*. Following Kuhn 

. . . - (I) 

where c is the concentration of polymer in monomeric units per litre ; 
b is the effective hydrodynamic length of a link " and is equal to ( A cos Ip) 
where J 3 is the valency angle and A the actual monomeric spacing along 
the chain. JV is Avogadro’s number. 

In the following sections we give a semi-quantitative interpretation of 
Mark's theory by considering, to a very crude approximation, the effect 
of a finite interaction energy on Lo*. To do this, in effect we have to cal- 
culate molecular distributions when certain orientations of the molecule 
are preferentially weighted. Using standard statistical results we are 
able to obtain a relationship between tjbp/c and in solutions of low, 
but still finite, concentrations. The exact extrapolation to zero con- 
centration has not yet proved tractable, but we shall see how an effect 
will persist. 

It follows from this method of approach that we consider only com- 
pletely flexible polymers, of which rubber is the most typical. We 
necessarily exclude all completely crystalline polymers which will otily 
go into solution when there are strong attractive forctis between the 
polymer and the solvent. We consider only small deviations from raatltjm 
mixing due to small polymer solvent interactions, (lee and lYeloar •* 
have shown experimentally, for the system rubber-benzene, that tluj 
solubility is almost entirely due to a large increase of entropy. We con- 
sider only solutions of this type and calculate the effect of small heats of 
mixing as a corrective factor. Ultimately the approximatif)n we use is 
equivalent to a solution with the randomness of mixing slightly altcr(i(l 
by a small energy of interaction. 

2. General Viscosity -Concentration Relationships. 

The intrinsic viscosity ratio 7 )bj>/o is not constant, but increases with 
the polymer concentration. Over the concentration range considered 

^ Alfrey Bartovics and Mark J,A,C.S.^ 1942 64, 1557. 

2 Huggins, J, Applied Physics, 1943, 14, 246. 

I Huggins, Physic. Chem.,^ 1943, 43, 439. 

* Kuhn and Kuhn, Helv. Chim. Acta, 1943, 26, 1394. 

® Gee and Treolar, Trans. Faraday Soc., 1942, 38, 147. 
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here (o*o-o-2 %) the increase is almost linear and we may write 

^ A Be . . . • (2) 

where A and B are constants. In a general way B represents the in- 
creasing resistance to flow imposed by the increase of the number of 
polymer-polymer contacts between separate chains. This is borne out 
by the fact th^t the slope of the — c curve is steeper for a high molec- 
ular weight polymer than for one of the same type but lower molecular 
weight. Huggins has given a formula of the type 

•jyBp/c ™ h] + 

where k is approximately unity, showing the greater sensitivity of the 
slope rather than the intercept of the viscosity /concentration -concentration 
curve towards molecular weight variations. This same sensitivity persists 
when we consider interactions between solvent and polymer as we shall 
see below. Various other attempts have been made to calculate curves 
of this type from hydrodynamic reasoning, but we do not need to con- 
sider them further here. We note, however, that any tendency towards 
solvation caused by a negative interaction xe^pg will promote intramolecular 
contacts between separate chains as the polymer chains uncurl, thus 
increasing the slope of the 0 curve above its value in an indifferent 

solvent. Curling np of the polymer chains in a bad solvent reduces these 
contacts and flattens the curve. We shall see below that very small 
differences in will appreciably alter the — c slope in this way. 
The limiting value [7;] is only affected when the chains undergo a much 
mofe drastic action of coiling up on themselves. Thus we should expect 
different solvents to show relatively greater effects on the slopes rather 
than on the intercepts of the ijgp/c — c curves. This is in agreement with 
the published experimental work of Mark on polystyrene. ’ 

In the next sections we use Kuhn’s formula (1) for the limiting [ij] 
value and calculate the first approximate effect of a finite ze/pg. In these 
calculations we introduce a concentration term and obtain finally an 
equation of the type (2) where B is now a function of zi^pg. We need to 
consider first in some detail the current statistical theories of high polymers 
in solution. 


3. Polymer -Solvent Equilibrium. 

The formulae used in this section were originally obtained by Rush- 
brooke ® and have recently been considerably extended to the particular 
case of high polymers by Guggenheim.® If we consider a system of N-p 
polymer molecules each of p links and 2 Vs solvent molecules the average 
number H of P — S contact pairs is given in the form of a quasichemical 
equilibrium. 

{qNp - X)(Vg X) = X® . . . . (3) 

where z is the co-ordination number of the quasilattice on which the 
liquid structure is built ; ^wfz is the interaction energy between P, a 
polymer link, and S a solvent molecule so that the total change in heat 
content on mixing AH' = X . w ; ^ is a modified chain length such that 
zq is the number of nearest neighbour sites along the polymer chain. In 
deriving this formula it is necessary to assume that the polymeric chain, 

® Huggins, J.A.C.S,, 1942, < 34 , 2716. 

’ Bartovics and Mark, J.A.C.S., 1943, 65, 1901. 

® Rushbrooke, Proc. Soc. Roy,, A, 1938, 166, 296. 

® Guggenheim, Proc. Roy. Soc., in press. 
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while kinked, is never coiled right back on itself * so that p and q are simply 
related by the expression : 

zp ^ 2{p — i). 

An important limitation is imposed on the use of statistical formulae of 
this type by this definition. So far no valid calculations have been made 
which take into account molecular coiling and the xisefulncss of this type 
of approach is consequently restricted. The physical significance of 
equation (3) is at once apparent when we realise that {qNj^ — X) is pro- 
portional to the equilibrium number of polymer-polymer contact pairs, 
and {Nq X) to the number of solvent-solvent contacts. Thus e() nation, 
(3) asserts that a quasi-chemical equilibrium '' exists between types 
PP, SS and PS of pairs in solutiom We can now solve the quasi-chemical 
equilibrium equation for X. Let Xq be the value of in a solution formed 
by random mixing of the components with zero heat effect and let x be 
the modified volume fraction qN^/{qN^ ■+ N^) of polymer in solution. 

Then + 1)3^ 

where = i -I- 4;v(i — ;r)(e2W2M’ — i). 

For our case when x and wjkT are, by hypothesis, small, this reduces to 

= . . . (4) 

From these equations we see at once that if w is negative, X > Xq so that 
attractions between polymer and solvent will promote an increased number 
of polymer solvent contacts. This increase in X is due, in the main, to 
changes in P — P contacts between different chains. At the same time 
the molecular chains will slightly straightened out, and there will be a 
corresponding increase in X not given by the quasi-chemical equilibrium 
formula. The extent of each effect will depend obviously on tvizk'r, and 
their relative importance will depend on the concentration of the solntitm : 
changes in X due to molecular kinking will persist down to infinitely dilute 
solutions while the value of X given in equation (4) tends to a value 
independent oi w as x tends to zero. This point has been further dis- 
cussed by Orr.i“ Use of equation (4) thus automatically exclude.s con- 
siderations of infinitely dilute solutions in this connection (see Secitioix 4). 

In the next section we consider more explicitly the effect of solvent on 
molecular length and the consequent differences in the visco.sity r(, da, lion- 
ships to be expected between solutions of polymer in different solvents. 


4. One -Dimensional Molecule. 

We consider first, for simplicity, a hypothetical oacxliinensioiml 
molecule whose links bend forward and backward on themstfivtis in a 
straight line. We allow this molecule to be supcrimpo.sed on a lattice 
framework of co-ordination number z : for the moment we allow this 
lattice to be two-dimensional. Then if the chain is siuTf)undcd by solvent, 
the number of polymer solvent contacts \8'A' is directly proportiomil to L 
the actual length between the ends of the chain. To see this we may 
consider a simplified case of a chain of p links, outstretched length p\ 
bent back on itself in one dimension so that its total length is L. This is 

* The term " coiling back ” represents a somewhat extreme view. Morts 
correctly we have to assume that contacts between two different ekinients of 
one chain are few compared with contacts between two separate chain molecules. 

10 Orr, Trans, Faraday Soc., 1944, 40, 320. 
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shown diagrammatically simplified in Fig. i. The total amount of chain 
which runs backwards is HpX — L). If we allow the co-ordination number 
z to be 4 we can count up the actual number of free sites (polymer solvent 
contacts) along the various parts of the chain. Thus 

zX = + ‘S’Jt'uj.) + {^X^Q -f- ^Xjisi) -f zXqj^ 

“ ^ - l-j] . I + O 

= 2L/A. 

We assume the solution is dilute so that all contacts along the chain are 
polymer-solvent ones and that contacts between difierent polymer chains 
can, to a first approximation, be ignored. This result is quite general 
and holds for any lattice where nearest neighbours of a given site are not 
nearest neighbours of each other. 

This fundamental restriction of lat- 
tice type is inherent also in the 
derivation of the quasi-chemical 
equilibrium formula and limits in 
e&ct our choice of z to its value 
^ = 4 for a square lattice. In con- 
sidering polymer solutions we are 
concerned with an average z value 
and one which is not necessarily 
integral. However, recent calcula- 
tions by Orr have shown that a low co-ordination number in the range 
z = 4-5 is necessary to fit the experimental results for rubber, so that this 
type of error is not likely to be very serious. 

In the final analysis we do not need L the actual length of the mole- 
cule, but the__mean square length. We have to take as directly 
proportional to X^, but the exact value of the polymer solvent contact 
number is not immediately clear. In solutions of extremely low con- 
centration X is given, as in this section, by a direct- count of contacts along 
separate chains, but when the polymer chains are no longer independent 
of each other, X is more correctly given by the quasi-chemical equilibrium 
formula. The critical concentration at which the polymer chains cease 
to move independently is very low : rough calculations show it to be 
about 0‘0i For solutions of small but finite concentrations we 

^ve to modify this crude approach and as a first approximation take 
L® directly proportional to the value of X^ given by the quasi-chemical 
equilibrium equation, realising again that the effect of coiling back of the 
molecules is enhanced by the increasing effect of intramolecular contacts 
between separate chains as the concentration increases. We can write 
then 

= [l — 2x{x — ;t?)(e‘-«®/-'e!r _ i)]X7^ . . . (5) 

where first order terms in wjzkT only are considered and where is the 

mean square length of the molecule in an indifferent solvent (or no solvent 
at all) , This formula for U can then be used in conjunction with the Kuhu 
or Huggins equation to write down a formula for comparative viscosities 
of different polymer solutions in terms of parameters x and w. Before 
considering this ' equation we may see, however, how a similar equation 
for Z 7 can be derived from more formal considerations. 

5. Statistical Determination of U. 

We consider a one-dimensional molecule as before. The problem of 
determining the mean square length ZV of the chain itself is the well- 
Campbell and Johnson, Trans. Faraday Soc„ 1944, 40, 233. 
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Fig. I . — Hypothetical one-dimensional 
molecule used as model. 
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known statistical theorem of the random walk. The p chain links are 
all of length A and there is an equal probability that a given link will 
contribute a length A in the forward or the backward direction, Inter- 
action with a solvent will alter the probability of polymer-polymer links 
along the chain in the way we have been considering so that there is no 
longer necessarily an equal probability of the chain links running forward 
or backward with equal effect. In particular we may consider a group 
of chain links of length A forming a statistical chain element in the solution, 
and suppose that all forward orientations of this element contribute a A 
and all negative or backward orientations —"^bA to the total length L, 
In an indifferent solvent a == 6 = i and the " steps ” of the walk are equal. 
In any other solvent the ratio ajb is to be regarded as some measure of the 
polymer-solvent interaction and we have to determine the molecular 
distribution for a random walk with unequal steps in the forward and 
backward directions. 

We can now calculate the distribution of the elementary groups. The 
procedure is standard and follows the statistical treatment given originally 
by Fowler. We consider a chain of p elements, and suppose that pi^ ele- 
ments are orientated in a forward direction where they each contribute a A 
towards the length L and p^^ in a backward direction with a contribution 
each of — The terms '^forward" and "backward ” am to some 

extent arbitrary and are to be referred to the original direction of the first 
step considered here as " forward ", Then all possible distribution, 
of the original p elements are possible subject to the conditions, 


^ A + == P> 

p^ . aA p-Q .hA ^ L. 

We require the distribution function <t>{L) where <l){L)dL is the frequency 
with which the molecular chain has a total length between L and L -I- dL, 
The total number of complexions, ^(L), of the assembly for a total chain 

length L, is simply ^ , summed for all p^ and p^ which obey the 


A,B 


^ A 1 1 


above conditions. This number is then the coefficient of # in the expan- 
sion of the generating function This coefficient is most 

simply given by the contour integral below and we write 

I C (x‘^^ “f d.i; 

27reJy 

This integral can be evaluated by the method of steepest desccuits siiuas 
we can assume that p and L are both large in a fixed ratio. Uuj whole 
contribution to the integral comes effectively from the col x " 0 where 

the factor ' ^ has a unique minimum value. This col con- 

dition can he written 




o 


or 




-f 



o. 


Writing now = e®^ loe a: we have 

T ^ A _ A /I lOK 0 — ^ 

^ ’ ^aA QbA 'P * ^aA log 0 q. log 0 

Fowler, Statistical Thermodynamics (Cambridge, 1939), pp. 30-37, 

* This method of weighting the lengths of the elementary grou])s of e.haiu 
links has been used in preference to the orthodox method of weighting th(% 
numbers of groups with a given length in order to simx)lify the mathematical 
treatment. 
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liL ^pA it is justifiable to expand the exponentials in this formula and 
consider only the first two terms in each series. This means physically 
that the long chains are not fully stretched. Results obtained from 
experiments on the stretching of rubber suggest that this assumption is 
quite justified under ordinary conditions. 

The condition for the col then becomes finally 


A\q% B — 


^LjpA -- (a b) 

a® + - LlpA(a - by 


We can now obtain the distribution ^(L) in a simple form since 

^ log (^{L) — — log AT where x is now the single point x =: 6. If a — b 

is small (which we regard as equivalent to a small heat of mixing w), then 
the final distribution is given by 

TZ "" pA‘(a^ + 6 ») 

<^(L) = Const. + . . • (S) 

This distribution reverts to the well-known expression 

= Const. . . . . (6) 

for the special case of no preferred orientations and an ordinary chain 
link as the statistical element. Corresponding to these two distributions 
we can at once write down the mean square lengths and L^. Thus 

IJ^pA^ia^ + b^) . . . . (7) 

. . , . . ( 8 ) 


If we now tentatively identify our elementary group of links with the 
single link of length A and write for convenience where 

<sr/ is small, we obtain from equations (7) and (8) a relationship which is 
formally similar to that obtained from the quasi-chemical equilibrium 
method 

^ W(i + a'). 

To this approximation, then, both methods of approach are similar so that 
using Kuhn’s equation (i) we may write 

^ = Const. L* == Const. V (i + «0 
Const. 2pX\l — 2X{1 — 

-(?),- . . . .to, 

since wIkJ' is small, where (■i 7 bp/c)o. is the value of the intiinsic viscosity 
in a solution for which ^c; — o. This equation will be discussed later. 


6. Three-Dimensional Molecules. 

The three-dimensional problem is less tractable as we cannot in this 
case easily count the configurational P — S arrangements. The formal 
identity obtained in the one-dimensional case between the two methods 
of estimating L® suggests, however, a three-dimensional similarity. It is 
possible to calculate the distribution of molecular lengths (ji{L)dL along 
any specified z direction by methods exactly analogous to those of the 
last section. We have to consider again a group of chain links forming 
a statistical element of length A and suppose that solvent interaction makes 
certain orientations of this element contribute a A and other bA to the 
length of the element, the two sets of contributions being in opposite 
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senses. When we allow for the distribution of these elements about the 
specified direction z, and carry out the calculations as before, we olfiaiii 

(^(L) =2 Const, e ■ + 

For the case of zero interaction the flights of the ]u-oblcms urc random 
and of equal length {a — h ^ i) and we may identify A with tlu' Jink 
length A. Then 

^(L«) ^ Const. e 

The mean square lengths L® and of these two distributions ui’cj then 
given by 

= UpA^ia^ T h^)} 

Z? = A«. 

We should now need to know how the elementary statistical element in 
solution, A, is related to the ordinary chain link. In general we may 
write yl = jSA where is a small number greater than unity, ft will de{>e]id 
to some extent on the solvent but the exact relationship cannot: be pre- 
dicted. In general j 3 will be finally absorbed in undetermined constants 
and for the moment we write ^ = i. Then, as before, writing b i and 
<2 = I 4. a' where a' is small, we have 


• L2 ^ 1^2 (14 a') , . . . (10) 

which is identical with the formula obtained in the one-dimensional case. 

Since the formulae for IJ obtained by formal statistical reasoning are 
the same then in one and three dimensions, we nfight also expect that the 
one -dimensional formula (5) connecting with in terms of the inter- 
action energy w might also have its three-dimensional analogue. We 
can see approximately that this will happen as, provided that there is no 
extensive back coiling, a three-dimensional chain can be analysed in 
components of the type shown in Fig. i, and to this order of accuracy 
the square {zXY of the total number of P — S contacts will bo diixjctly 
proportional to the mean square length lA Then approximating as 
before, and using the Fowler Rushbrooke relationship for a small heat of 
mixing w and a low concentration of polymer ;i;, we may write 

_ Const. . . . (ri) 


which is formally similar to the statistical result (10) and of tim rc.uiuircnJ 
form in w. We may write then finally for the viseexsity of a. polyuKU' 
solution 


^ = Const. I^ATx — — x)] 

c 

= ( 321 ) _ Const. 4 ^ . . . 

V C /o kl 


(is) 


since x, the polymer concentration and wjkT, the heat term, arc both 
assumed small. The application of this equation -will be discussed in the 
next section. We may note here, however, that since the statistical 
element in the solution is not necessarily the chain link, but is itself a 

function of the solvent, the term is itself solvent dependent. This 

limiting variation of the t^bp/c ratio at zero concentration is well known 
experimentally and the j 3 factor is probably in part responsible. Vari- 
ations in however, are likely to be small in comparison with coiling 

effects which we have up till now neglected, and the persistence of a 
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solvent effect down to zero concentration is more easily explicable on this 
basis. 

7. Discussion. 


The exact application of equation (12) to experimental data is not yet 
quite feasible, but we may note briefly how a first check-up may be made. 
Though not in any familiar units, at is a measure of the polymer con- 
centration c, so we may write equation (12) in the form in which viscosity 
results are usually presented, 

^ Mw-o . . . (12a) 


where the B' factor is introduced to account for other types of variation 
with concentration and where B is constant. The theory thus indicates 
a solvent dependence of the slope but not of the intercept of the — c 
curve. To the approximation used in dealing with the quasi-chemical 
equilibrium formula, the mixing is random and the heat term involved 
is given by iSK = Xw where X is simply ^iVpiVs/fe-^p + This 

is easily verified by expanding the exponential term in the expression 
obtained for X in equation (3). In the absence of any experimental values 
for w, we use Hildebrand's theory for this type of regular solution and 
write w proportional to the square of the difference of the square roots 
of the cohesive energy densities of the liquids concerned. These quan- 
tities can be determined with fair accuracy since the cohesive energy 
density E/V is simply equal to {L — RT)/V where L is the measured 
latent heat and V the molecular volume. Thus we may write, con- 
sidering only solvent variations, 



(v^\ _ Const . 

\ c / « 0 E V 



(13) 


Hildebrand's derivation assumes implicitly tjiat w, or the beat of mixing, 
is essentially positive. The use of equations of this type is at once limited 
since it is known that for many mixing processes w is negative : we may 
mention explicitly the systems nitrocellulose-acetone and cellulose 
acetate-tetrachlorethane where heat is evolved on mixing, However, 
equation (13) shows (for these restricted systems) how the slope of the 
c curve should vary with the E/V value of the solvent irsed and 
suggests a direct correlation with other data. Gee^® has shown how the 
equilibrium swelling Q of a high jiolymer can be directly related to the 
cohesive energy density of the swelling agent, so that if Q is measured 
as a volume fraction of licpiid imbibed 

where f(()) is a function of the partial molar entropy of 

swelling and of; the volume fraction .Vp of the rubber in the swollen phase. 
If we compare this equation with equation (13) we see that the slope of 
the t/bp/c c curve of dilute solutions of a polymer should l:>o intimately 
connected with the equilibrium swelling under different conditions in the 


* The theciry developed above assumes that small departures from a random 
configuration of the polymer chains is responsible for differences in ( 

ha.s however shown that the effect of a small finite heat term on the mixing 
entropy is small so that X ha.s approximately the satui^ value as in the random 
ease and AH can be first estimated using this approximate value. 

Ilildi'brand, Solnhilily (Reinhold, 193^), 1^. 7^2. 

Schulz, Z. phy&iii. Chmi., 1(142, 52, 253, 

Ilaggar and Van der Wyk, lldv. Chim. Ada,, X940, 23, 484, 

Gee, Tnins. Faraday Sac., X942, 38, 418. 
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same liquid. It is possible to test this prediction directly only in the 
case of a polymer of the rubber class since, in general, a polymer will either 
dissolve or become swollen in a liquid. However, in tlve case of rubber, 
vulcanised specimens can be made to swell and remain completely in- 
soluble, while unvulcanised rubbers can be used for solutions. Tl)er(i is 
certain evidence that vulcanisation does not completely destroy all the 
specific properties of a rubber, and assiiining that we can t>?ctnipolai,{,‘ 
results, comparison is justified. A direct correlation Txrtwecn (J and the 
slope of the viscosity curve has in this way been obtained. Details mul 
extended applications of this theory to the case of mixed solvents and 
plasticiser interactions will be published later. Although the ust^ of 
Hildebrand’s approximation indicates a relationship between Q and luiafn 
of mixing only for systems where wis positive, more general considerations 
show such a relationship will exist for all values of w and we may infer 
that the connection is quite general. 

We would not, of course, expect to give accurate predictions of the 
slope of the — & curve as we have neglected all factors other than 
solvent-solute interactions. However, the above analysis does provide 
a semi-quantitative explanation of the experimental facts and to this 
extent is perhaps useful. 

We may note a further point in connection with e([iiation (12). We 
can see at once that the effect of solvent will be dainpcd down by in- 
creasing temperature. The quasi-chemical equilibrium theory assumes 
that w is temperature independent, so that increasing the tem])t^rat\ire, 
of a solution in a good solvent will decrease the corrective term in w and 
hence lower the viscosity. In a bad solvent increase of temperature 
will raise the viscosity towards its mean value. These effects have l)een 
noted by Mark ^ for polystyrene solutions. In toluene (which -wq tnay 
consider a good solvent in this sense) the viscosity at 80" C. was lower 
than its value at 20°, while in toluene mixed with methyl alcohol— which 
acts as a precipitant — the same polystyrene showed a higlicr viscosity 
at 80® than at 20®. The effect can, of course, be predicted qualitatively 
since an increase of temperature will, by increasing molecular motions, 
tend to restore the random molecular configuration, and hence the uiibiastid 
viscosity. 

The extrapolation to zero concentration remains to be explained a.s 
equation (12} shows no solvent effect on the [ij] intercept. Experiments, 
however, show that [7^] for solutions in a good solvent is appreciably higher 
than the same ratio in a bad solvent. We have to interpret this niaiuly 
by considering a more extensive back coiling of the polymer chain caused 
by large interaction between two regions of polymer links in the saiiK^ 
chain. No account of this effect has yet been given in iuai,lu‘inati(-iil 
form, and we can only say now that if the effect persists, variations in Hit,; 
limiting viscosity ratio will be possible. Since, however, tliis bac.k cthliiig 
IS altogether more drastic than the effects we have been txmsid<u-ing, \w 
would expect the effect of solvent to be loss marked in the limiting vis- 
cosity case than on the slope of the curve. This is (piite in agrccmtuvl; 
with the expei'imexital data and is a good example of th.e degree to which 
current mathematical theories can be directly applied to experini<^ut;. 


Summary, 

A semi-quantitative discussion is given of the viscosity relationships 
of polymers in various solvents. Quasi-thermodynamic reasoning, based 
on modern statistical theories, show how the slope of the ordinary viscosity 
concentration (?^sp/c — c) curve is related to the interaction omwgy be- 
tween solvent and polymer, and it is shown how small tlilfemnces in intxir- 

differences are traced 

back to slight kmkmg of the long molecular chains in agreement with the 
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qualitative views of Mark. Retention of a solvent effect on at zero 
concentration is demonstrated but not proved ; it is inferred that more 
extensive coiling of the chains is necessary than the slight kinking which 
affects the slope. 

I wish to express my thanks to Pi'ofessor E. K. Rideal for many 
stimulating discussions during the course of this work and to Dr. E. A. 
Guggenheim for much helpful criticism. I should also like to record my 
gratitude to the late Professor Sir R. H, Fowler for his encouragement and 
advice during the development of this paper. 
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Furan and thiophen are structurally related and fairly simple mole- 
cules the spectra of which, if considered together, may be expected to 
lead to values for the molecular vibration frequencies. The spectro- 
scopic data also bear upon the question of whether these inolecules are 
planar, or alternatively have a buckled I'ing, The Raman spectrum of 
furan has been measured by Bonino ^ and by Reitz, ^ and the infra-red 
spectrum by Bonino and by Pickett.'** Raman data for thiophen were 
also obtained by Bonino and by Reitz, and the infra-red spectrum was 
measured by Coblentz/ by Barnes and Brattain,® and by Barnes, Liddel 
and Williams.® 

We have recently , measured the infra-red spectra of these substances 
using markedly higher resolving powder than that previously employed, 
and although it does not seem possible to allocate unambiguously all the 
molecular vibration frequencies, the results show clearly that some of 
the earlier data were interpreted incorrectly, and the rotational contour 
now observed with some of the bands provides an additional basis for the 
vibrational assignments. 


Experimental. 

The furan was a sample kindly given to us by Dr. Plant of the IDyson 
Perrins I^aboratory. It had been prepared from furoic acid,’ dried over 
anhydrous sodium suli)hate and fractionated. The final jiroduct boiled 

3i’5° A commercial sample of "pure” thiophen was 

re-j)urifiecl by mcrcuratiou as described by I^iniroth,^ dried over sodium 
sulphate, and fractionated. It boiled at H3*3-83*5° C,ly6i mm. 

Two spectrometers were used. One was an automatically recording 
instrument with 30*^ rock salt prism in Littrow mounting. This sficctro- 
meter which was. used for the region 7-1 4 had high resolving power ; 
the effective slit widths are shown oir the diagrams below. For the regions 
3-7 /[a and 14-20/4 a Hilger D 88 spectrometer fitted with a highly sensitive 

' Z. physihal. Chem,, B, 1934, 35 » 3 ^ 7 - ^ Ibid,, 1938, 38, 375. 

/. Chem. Physics, 1942, 10, 6(')0. 

^ fhibl. Ckmicg, Inst, Wash., 1905, ISTo. 35. 

J. Chem, Physics, 193^^;, 3, 44r>. 

® hill, Png. Clw-m. Anal, JCdn,, 1943 , ^ 59 . 

’ Org, Synth,, i, 2O9. 


^ Per,, 1899, 32, 758. 
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Schwarz vacuum thermocouple, 
TABLE I,**~Fuuan. 


Iiifra-red (Vapour). Raman (liquid), 


588^ 

605 )-6 o 5 

6z6 J 

724I 

744 ^744 

764J 

837 

8631 

872 y 872 
882 j 

9851 

994 y 994 


1057 1 

1067 >1067 
1077J 


601 dp 


839 dp 
871 dp 


1034 dp 


1171 dp 


1270 dp 


Other infra-red bands at : 


Other Eaman displacements : 
3089 p 
3121 P 

3154 .P 


and with fluorite and sylvine prisms,, 
was used. Readings were usually 
taken at intervals of o*oi/x. Vapours 
_ were measured in absorption cells 20 
cm. and 7 cm. in length having end 
__ plates of rock salt or sylvine ; liquids 
were examined in thin cells made by 
separating a pair of polished rcxik 
salt plates by a washer of the desired 
thickness. 

Results. 

The absorption curves for furaii 
vapour are shown in Fig. i. Table I 
gives the positions of the bands in 
wave numbers, together with the 
most recent Raman data. The infra- 
red data agree substantially with 
those given by Pickett, It will be 
noticed that with few exceptions the 
infra-red bands belong to one or 
other of two types. In one case, for 
example at 605 and 744, the contour 
consists of a sharp central i“)eak with 
a fairly strong maximum on each 
side of it, the spacing between the 
outer pair of maxima being 38-40 
cm.-i. In the other type of band 
there are three similar al:)Sorption 
maxima, but the central peak is 
rather less marked and the spacing 
between the outer pair of maxima is 
about 20 cm.-^ 

The absorption curves for thioplien 
ar(5 shown in Fig. 2, and the positions 
of the bands are given in Table 11. 
The spectrum of a thin layer of lic[uid 
was measured over the entire range. 
Between 500-1500 cm.'”^ the vapour 

— also was used in order to bring out 
rotational contour of the fuiiclarriental 
absorption bands. Here, too, as with 
furan, the bands show characteristit*, 
differences in rotatioiial contour. 
Thus there is a band at 7x0 with 
three sub-maxima, the spacing l)e- 
tween the outer pair being about 28 
cm,“^, and several similar bands with 
three sub-maxima but spacing about 

— 20 cm.”b and a third type of band 
with two snb-rnaxima about 13 cm.-^ 
apart. 

Discussion. 


We may first regard furan and 

thioplien as planar. They will then 
have Cav symmetry, with a twofold axis of rotation zz {Fig. 3) and two 
planes of symmetry, o-y and There will be 21 normal modes which can 
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be divided into classes according to their symmetry properties as given in 
Table HI. 



(1) 7 cm. path, 360 mm. 

(2) 7 cm. path, TOO mm. 

(3) 7 cm. path, 20 mm. 

(4) 20 cm. path, 60 mm. 


(5) 20 cm. path, 5 mm. 

(6) 20 cm. path, 300 mm. 

(7) 20 cm. path, 25 mm. 



The molecular dimensions of furan have been determined by Pauling 
and Schomaker,® with the following. results : = 1-09 a., a., 

foo = 1*46 A., — 1*35 A.., c6c = 107^ C=C— C = 107°. Using these 

® J. Am. C.S., 1939, 61, 1769. 
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values, the three principal moments of inertia A, B and C will have 
values close to 90, 90 and 180 x lo-^® g. cm.^ The two lower moments 
are about the axes zz and xx. The molecule will thus behave roughly 
like a symmetrical rotator, having two equal moments of inertia, and as 

regards their rotational 
TABLE II.-— Thiophen. contour the infra-red 

bands will be of two 
types. In fkidger and 
Zumwalt’s notatiou,^« the 
A and B type banrls will 
have three sub-maxi ivui, 
the outer spacing being 
about 20 cm.-b and the 
central peak rather 
weak. The C type bauds, 
in which the change of 
electric moment occurs 
parallel to the axis yy, 
will have a stronger cen- 
tral peak with two side 
maxima about 36 cm,“™^ 
apart. In the case of 
furan the Ai and Bj 
classes of viln-atiou will 
be expected to givc 5 the 
foimier type of contottr, 
and the class will give 
the latter. 

We can now attempt 
to allocate magnitudes 
to the normal frecpiencies 
of furan. As regards 
the eight vibrations of 
class Ai, two — tile C — IT 
stretchi ng modes — will 
have values close to 3000 
cm.-h and the remaining 
six will have values be- 
low about 1600 ctu.-“'L 
There are just six jiohir- 
ised Raman linens of this 
niagiiitxKle, namely, 72.^ 
986, lodx, 11.37, 1380 

and 1.(83. Bauds corre- 
sponding to 724 and 1 137 
have not been ob.served 
in the infra-red spectrum, 
but the remaining four 
arc scon at 994, X067, 
X3S1, and 1486. All these 
bands have the contour 
and spacing of sub- 
maxima expected for 
this class of vibration. 
We can therefore confidently fix all eight of the Ai class of vibrations 
as .follows : 724, 994, 1067, i^37> ^381, i486, with two values around 
3000. That. 994, 1137 1486 are associated with Ai fundamentals is 

‘also supported by measurements on the ultraviolet absorption spectrum 

J . Chem . Physics ^ 1938, 6, 711. 



Infra-red. 





Raman (Liquid.) 




Vapour. , 

Liquid. 





? 375 dp 




453 dp 

565 dp 


605 

605 

604 p 


— 

— 

686 dp 

696-1 



710 

7^4 J 

h 710 

710 

748 dp 

— 

— , 

826^ 

1 



836 

h 836 

836 

832 p 

846 j 

I 



8651 

878 J 

\ 872 

870 

866 dp 

909 

904 

898 dp 

1025") 

1 



1035 

^1035 

1035 

1032 p 

1046 J 

I 



1067"] 

1 

1080 


1077 

^1077 

1079 p 

io88j 

I 



1245 '^ 

1260^ 

1*1252 

1255 

— 


— 

1290 

— 


— 

— 

1358 p 


1405 

1405 

1404 p 


Other infra-red bands at : 


3:479 


i960 

I5d5 


2090 

1590 


2168 

1715 


2230 

1770 


2280 

1805 

1905 


3110 

n displacements : 

2996 p 
3078 p 
3108 p 
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by PidketL^^ where frequencies of 848, 1068, 139^5 are found in the excited 
state. Only totally symmetrical vibrations should be excited here, and 
the values will be rather lower than those of the same vibrations in the 
ground state* 

All the remaining Raman lines are depolarised and all three other 
classes of vibration are active. On this basis alone, therefore, magnitudes 
cannot be assigned to the different classes. We may, however, expect 
one Bi type ring vibration to be largely determined by a stretching of the 
carbon-carbon double bonds. The infra- 
red band at 1579 is probably connected 
with this mode. The contours of the 
infra-red bands are also helpful. Thus, 
the band at 872 and probably that at 
1270 have three sub-maxima with outer 
spacing about 20 cm.”^ Since all the 
Ai class vibrations have been assigned 
and the A 2 fundamentals cannot appear, 
these frequencies must be connected with 
vibrations in the class. Miss Pickett 
assigned the band at 1270 (given by her 
as 1264) to a totally symmetrical At 
oscillation, but commented on the 
questionability of this. Pier argument 
seems to have been based largely upon a comparison of the normal 
frequencies of fiiran with those of pyrrole. This will be discussed below. 

I'he infra-red bands at 605 and 744 have the three-branch contour 
but with a stronger central peak and wider spacings of -about 38 and 40 
cm.~^. These are unquestionably Rg c^ls-ss fundamentals, which would 
give exactly thivS type of contour. In this connection, Miss Pickett’s 
interpretation must be in error, due to inadequate resolving power and 

TABLE III 



Fig. 3. 


Class. 

Symmetry with 
respect to 

Moment 

j Permitted in 

Number 

Form. 

Co* CTx Oy 

Change 
Parallel to 

Infra- 

red. 

Raman. 

of 

Modes. 

A 

s S S 

zz 

1 

yes 

yes (p) 

8 ■ 

4 ring deformation 
2 C — H bending 

2 C — H stretching 


s as as 

j 


no 

yes (dp) 

3 

1 ring deformation 

2 C — bending 


as as s i 

XX 

yes 

yes (dp) 

7 

3 ring deformation 
2 C — H bending 

2 C — stretching 

B, 

as s as 

yy 

yes 

yes (dp) 

3 

1 ring deformation 

2 C — H bending 


failure to resolve the central peak at 744, since she attributed the two 
side-maxima at 724 and 764 to separate vibrations of classes At and 
In this way the band was also wrongly correlated with the Raman interval 
724. In the same way Miss Pickett does not seem to have obtained the 
central peak of the band at 605 corresponding to the Raman frequency 
601, which made the interpretation of the side branches of this band 
uncertain . 


/. Chem. Physics , 1940, 8, 293. 
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There now remain undetermined three frequencies of the class, 
two of the class and one of Bg. Three Raman intervals 839, 1034, 
and 1 1 71, have not been allocated. There is a weak infra-red band at 
837 corresponding to the first of these, and the infra-red band at 1180 
may be connected with the last, although the peculiar contour of this 
band suggests that it may be double. No infra-red absorption has been 
detected at 1034 cin.~h It is therefore possible that the values 837, 
1034 and 1180 are fundamentals, but allocation of any of them to a specilic 
mode can only be speculative. It might, however, be argued that since 
1034 not appear in the infra-red. it is an fundamental, and the 
single peak at 837 may imply a strong central branch of a Bg vihraticui 
band, while the band at 1180 has a contour more like that of a Bi vii)ra1:iojj. 
than anything else. 

The polarised Raman interval 3154 is probably the harmonic of tluj 
fundamental at X579, In this case there will be a pair of C — H atretchiiig 
modes with value about 3090 and another pair of about 3120, 

It might have been, hoped to apply the selection rules operating for 
overtones and combinations in the infra-red spectrum, in allocating the 
fundamentals to the symmetry classes where the other methods, used 
above, fail. Thus {Ai -|- A^) and (B^ -|- Bn) coinbination.s are not allowed, 
whereas {A^ + Bi), (A^ + ^2)/ (-^^2 + B^), and all first harmonics, are 
permitted. Unfortunately there are already so many fundamentals of 
widely differing frequency that it is possible within the existing selection 
rules to interpret satisfactorily all the observed bands in terms of tlu; 
fundamentals already assumed. It inay be noted, however, that two 
bands at 2680 and 2900 are perhaps best explained a.s combinations by 
assuming that the weak band at 1340 is due to a fundamental and not 
to the combination (605 -j- 744). 

We can attempt to determine the normal vibration frequencies of thio- 
phen in the same way. If it is assumed to have Cgv symmetry, the selection 
rules and number and types of modes will again be that shown, in Table III. 
According to Pauling and Schomaker,® the dimensions are 1*74 a., 

^OH = 1*09 A., Yqq I-44A., rQ-.Q = r*35 a., and CSC == 9X°, C:::=C— S 1x2^ 
C — -C =C==xi3°. The principal moments of inertia will then be about r 05 , 
160 and 265 X and the molecule will be an asymmetrical rotator witli 
S = — 0'08 and p = 0-9 in Badger and, ZumwalFs notation. The A 
t5q)e bands, from ^3, class vibrations, in which the change of electric 
moment is parallel to the least axis zz, may then be expected to have 
three sub-maxima, the oixter pair being about 19 cm.“^ a][)art ; tU(‘ B 
type bands from class B^ vibrations will have a double maximum ^vitil 
spacing about 12 cm.^b and the C type bands from class B<i vibrations 
will have a strong central peak flanked by a pair of .sub-maxima about 
28 cm.”'^ apart. 

There are just six polarised Raman frcquencie.s less than 1600 cm. b 
namely 604, 832, 1032, 1077, 1358, 1404. Together with the two C- 11 
stretching vibration frequencies (about 3080 and 31x0), these can be 
allocated at once to class Ai. The Raman interval V)C)4 is very weak in 
the infra-red and in this respect is like the corresponding ring deformation 
of furan at 724, which was not observed in the infra-red at all. Four of 
the five remaining frequencies are found in the infra-red at 830, .1:035, 
1077 and 1405, the first three of these showing the A type contour, al- 
though the observed separation of outer sub-maxima ivS rather greater 
than that calculated above. The vibration frequencies can thus be 
taken as 605, 836, 1035, 1077, 1358 and 1405. 

All the other Raman lines will be depolarised, and since all classes of 
vibration are active in the Raman effect, the observed values cannot be 
allocated on this basis alone. We should, however, expect a frequency of 
the Bi class controlled by a vibration of the carbon-carbon double bonds 
to be about 1580. The infra-red band at 1590 is assigned to this mode. 
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The contour of the infra-red bands of the vapour is again useful. Thus, 
the band at 710 has a C type contour with outer sub-maxima about 28 
apart, and it is therefore allocated to the class. Also the bands 
at 872 and 1252 each have a double maximum with spacings about 13 
cm.”i and 15 cm.-^ respectively. Although these separations are rather 
greater than that calculated above for the B type bands, there can be 
little doubt that they are in fact such bands, and belong to vibrations in 
the J 9 i group. This leaves unallocated three vibrations in the class, 
and two in each of the classes B^ and B^, Raman intervals which have 
not so far been assigned are 375 ?, 453, 565, 686, 748, 898, and the infra-red 
bands below 1400 are 909 and about 1290. It seems likely: that the 
doubtful Raman interval 375 may arise from the combination (832-453) ; 
also the weak infra-red band at about 909 is probably the harmonic of 
453, and the still weaker infra-red band at about 1290 can be explained 
by the combinations (453 + ^32) or (686 + 604), This leaves 453, 565, 
686, and 748 for plausible fundamentals, but there is no means of allocating 
any of them to specific types of vibration. As in the case of furau, a con- 
sideration of the overtones and combination bands is not helpful since 
satisfactory interpretation of most of the bands can be obtained with the 
established frequencies in more than one way. If the infra-red measure- 
ments could be extended out to 25 /x so as ; to cover the region of the fre- 
quency 453 the nature of tins vibration might be ascertained. 

The small differences found between the calculated and observed 
spacings of sub -maxima in some of the bands may arise either from small 
errors in calculating the spacings by extrapolation from Badger and 
Zumwalt's curves, or because the molecular dimensions assumed are 
slightly incorrect. 

Lord and Miller have recently measured the infra-red and Raman 
spectra of pyrrole and some deuterated pyrroles, and have assigned values 
to the normal vibration frequencies. There should be a close similarity 
between the frequencies of pyrrole and furan, and some correspondence 
of these with certain of the frequencies of thiophen. In Table IV the 
three sets of results are shown together. 

As regards the frequencies in the — ^totally symmetrical — class, 
there is a marked correspondence between the three molecules. The 
considerations outlined above do not in themselves allow us to decide 
which xnagnitude is associated with each particular mode within the 
class, but since the frequencies of pyrrole have been assigned using other 
considerations, we can arrange those of furan and thiophen as shown, 
remembering that the ring frequencies may change most in passing along 
the series. The correlation with the other classes of vibration are too 
incomplete yet to be considered in detail. 

If furan and thiophen were non-planar, the selection rules for the Raman 
and infra-red spectra would differ from those given above for Cav symmetry. 
Some authors have attempted to infer which type of symmetry exists 
from the number of frequencies which appear in the different types of 
spectrum, and from the number of polarised Raman frequencies. These 
considerations do not seem to us very significant, since not only may the 
selection rules break down with liquids owing to molecular distortions, 
but also the fact that a given vibration is permitted to appear in the Raman 
efiect or in the infra-red absorption spectrum is not necessarily an indi- 
cation that it will have sufficient intensity to be actually observed. A 
more satisfactory argument might be to correlate the observed rotational 
contour of the bands with the values of the moments of inertia, which will 
differ according to whether the molecule is planar or has a buckled structure. 
Unfortunately, the changes in the moments of inertia for slight buckling 
of the ring are not very marked, and the spacings between the maxima 
in the infra-red bands cannot be determined with very high precision. 

J. Chem, Physics, 1942, lo, 328. 
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TABLE IV 


Class, 

Type. 

Pyrrole, 

Furaii. 

Thiophfin. 


Ring 

71 1 

724 

1)04 


C — H deformation 

1076 

1067 

103 ^ 


Ring 

1144 

994 

832 


C — H deformation 

1237 

xt37 

toyy 


Ring 

1384 

0:381 

r338 


Ring 

1467 

i486 

1404 


C — stretching 

3100 

(3090) 

(3080) 


C — stretching 

3133 

(3120) 

(3TI0) 

1 

N — stretching 

3400 

absent 

absent 


Ring 

(510) 


L L ? 


C — 'H deformation 

71 1 

?, ?, ? 


C — H deformation 

868 



St 

Ring 

647 


872, 1252, 


C — H deformation 

1015 

873, 1270, 


C — H deformation 

1046 

?, ? 

? ? 

• 1 • 


Ring 

1418 




Ring 

1530 

1379 

X590 


C—H stretching 

3III 

(3090) 

(3080) 


C — stretching 

(3X33) 

(3120) 

(311a) 


K — deformation 

(1146) 

absent 

absent 

St 

N — H deformation 

565 

absent 

absent 


C — deformation 

768 




Ring 

838 

605, 744. 

710, ?, ? 


C — Pi deformation 
Probable funda- 

(1046) 

837 



mentals unallocated 


1034 

686, 748, 
453. 5<iS 


It may, Lo waver, be noticed that the calculated and observed spaciu/jfs 
tor the planar model with the dimensions assumed above do not cjuito 
agree in some cases, but here again the calculated spacings may be slightly 
in error for the reasons given above. On the whole, the results seem to 
be in satisfactory agreement with planar structures of Cj^v symmetry. 

Summary. 

The infra-red spectra of furan and thiophen have been rncasnrcHl 
and compared with the Raman spectra. Selection rulos, band contours, 
and other considerations have been xised in attempting to assign values 
to the molecular vibration frequencies. Attention has l)cen drawn to 
some misinterpretations of earlier data with furan. These two mokjcules 
appear to have a planar structure in the symmetry class C^^y, 

We are grateful to the Government Grant Committee of the Royal 
Society and to the Chemical Society for grants in aid of apparatus. 
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THE ABSORPTION SPECTRA OF THE CHLORO 
ETHYLENES IN THE VACUUM ULTRA-VIOLET. 

By a. D. Walsh. 

Received 26th September, X944. 

The spectra of ethylene and several of its alkyl derivatives have been 
studied by Price and Tutte.^ The spectra of the chloro ethylenes are 
important because of the light they shed on the effects of halogen sub- 
stitution adjacent to a double bond. While these molecules give un- 
interesting continua in the near ultra-violet, their spectra in the vacuum 
ultra-violet are full of interesting structure. These spectra have been 
photographed on a Lyman continuum as background with a normal 
incidence vacuum spectrograph designed by Br. W. C. Price and built 
in the Laboratory of Physical Chemistry, Cambridge. The grating was 
of glass, ruled with 15,000 lines to the inch and the dispersion was linear 
and about i6*8 A/mm,, the exact value depending upon the precise experi- 
mental arrangement. The photographic plates consisted of Ilford Q 
emulsion coated on microscope cover glass so as to bend easily into the 
Rowland circle. 


The Spectrum of Vinyl Chloride. 

Crude vinyl chloride, an I.C.I. product, was available. This con- 
tained ethylene and was therefore purified by liquefaction, followed by 
pumping off the vinyl chloride from the crude liquid at the temperature 
of dry ice. The resulting gas was free from ethylene as shown by the 
spectrum obtained. 

The spectrum (Plate i) begins with a strong, diffuse, region of ab- 
sorption, its maximum being about 1850 a. A few faint, diffuse, bands 
are visible on the long wavelength side. Accurate measurement of these 
bands is impossible, but the order of magnitude of their separations is 
shown in Table I. 


TABLE I.-— The Fre- 

TABLE II.— The Fre- 

TABLE III.— The Fre- 

quencies OF THE 

quencies or THE 

quencies OF THE 

Vinyl Chloride 

1585 A. Progres- 

Vinyl Chloride 

Bands between 

sion IN Vinyl 

1471 A. Progres- 

1800 and 1600 A. 

Chloride. 

sion. 




57330 

63048 

67979 

1380 

1372 

1199 

58710 

64420 (Predissociated) 

69178 

1300 

1387 

, 1242 

60010 

1440 

61450 

65807 

1338 

67145 

1400 

68545 

^ 1375 

09920 

70420 


The frequency involved is almost certainly the C=C valence vibration 
reduced by the excitation from its value of 1608 cm.“^ in the ground 


1 Price and Tutte, Proc, Roy. Soc,, A, 1940, 174, 2oj. 
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' state,^ The analogous region of absorption in ethylene has a similar 
frequency of 1370 cm.-^ (1623 cm.-^ in the ground state). 

At 1585 A. a new vibrational system starts and extends to 1430 a. 
The strong bands of this system are shown in Table 11 . The frequency 
involved is ^ 1375 cm.-’-. 

At 1462 A, an especially strong band occurs. A band similar i n ])osition 
and intensity occurs in the spectra of chloropreiie and phenyl chloride. 
It is thought to be due to the non-bonding electrons of the chlorine atom, 
and to be analogous to the “ D bands of the alkyl chlorideH.®.*, 

Another vibrational progression starts at 1471 a., overlapping witli 
the 1585 A. system. The strong bands of this system are given in '['able I II. 
The frequency involved is 1200 cm. : it presumably represent.s the 
symmetrical C==C valence vibration further reduced by the increasing 
excitation. 

About 1350 A. bands begin that are fairly obviously Rydberg in char- 
acter : that is, they crowd together and decrease in intensity towards 
shorter wavelengths, eventually fusing into a continuum of absorption 
around 1240 a. It was found possible to pick out two well-developed 
Rydberg series denoted by the formulae 

R 


• ■ - W 

= 80700 - - ' ■ ■ - W 

The two series have approximately the same limit, 9*95 ± o*oiV. The 
reality of this ionisation potential is strongly supported by the appearance 

of the bands converging to it 

a 1..— ^ 

TABLE IV. — The Observed and Cal- 

CTJLATBU FRB<^VENCIES OF THE RyD- 

BERG Bands of Vinyl Chloride . 


«. 

VoUB, 

Vc&lc. 

emr^ 

Series x 



2 

67979 1 

68035 

3 

1 73649 

73612 

4 

76176 

76166 

5 

77541 

77545 

6 

78367 

78374 

7 

78909 

78909 

8 

79298 

79275 

9 

1 79551 

79536 

10 

^ 79737 

79730 

Series 2 

2 

c, 55000 

56960 

3 

69606 

69641 

4 

74357 

74328 

5 

76567 

76562 

6 

77797 

77799 

7 

78558 

78553 

8 

79034 

79047 


suggests that the N 


and by the continuous absorp- 
tion starting at this point. An 
enlarged photograph of the region 
of the limit is given in Plate i . 
Table IV shows the accuracy 
with which the equations (i) 
and (2) respectively reproduce 
, the observed frequencies. 

The short vibrational pro- 
gressions associated with the 
early Rydberg bands .sugge.st 
that a weakly-bonding clcoiron 
is being excited. As in the case? 
of ethylene, it is probable that 
the ionisation limit found cor- 
responds to the removal of a tt 
electron from the double bond,. 

There are indicationH of a 
third Rydberg series beginning 
with the 1585 A, l)and and pro- 
ceeding to appx’oximately the 
same limit as series (i) and (2). 
The Rydberg denominator is 

(m + 0-35) 

The n ^ 2, member of series 
(2) falls in the region around 
1850 A, The general appearance 
of this region, however, strongly 
V transition of the tt electrons of the double bond 


^ Hibben, The Raman Effect, Reinhold, 1939. 

! 1936, 4, 539. 

* Price, ibid., 1936, 4, 547. 
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also occurs here. (For the explanation of the symbolism iV -> F see 
Mulliken,®) The 1850 a. region is thus to be interpreted as mixed Ryd- 
berg- — N^V in type, just as is the first region of absorption in ethylene. 
This means that the first Rydberg transition should be more antibonding 
than the second, which is indeed found to be the case in ethylene. In 
vinyl chloride, however, the diifuseness of the vibrational bands in the 
1850 A, region makes it impossible to say whether the frequency there is 
greater or less than that found in the second electron level. 

In ethylene (see ref. ^), the first Rydberg transition (1745 A.) overlaps 
the iV F transition on the long wavelength side of the latter : it causes 
the absorption region to have a sharp long wavelength onset, compara- 
tively independent of pressure. The two transitions can be readily 
distinguished, the N V vmax. occurring at 1630 a. In all the cloloro- 
ethylenes and also in the alkyl ethylenes, the shape of the first absorption 
region is that of a fairly smooth hump and it is much more difficult to 
distinguish between the N ->V and first Rydberg transitions. This is 
due to the facts that in the substituted ethylenes {a) the size of the mole- 
cule is greater and (6) the ionization potential is lower (so that the first 
Rydberg band falls at longer wavelengths). Though in the ethylene 
molecule, as Mulliken « has pointed out, the electron in the first excited 
state would spend most of its time outside the hydrogen atoms, in the 
substituted ethylenes this is no longer true and the first Rydberg orbital, 
lying within the nuclear framework, is greatly perturbed by the intra- 
valence .shell N V transition. Similarly, acetaldehyde is like ethylene 
in that absorption begins sharply at long wavelengths (1650 a.), but in 
acetyl chloride and chloral the onset is gradual.’ 

All the strong bands of the vinyl chloride spectrum are thus accounted 
for. 

The ionization limit and the electronic levels as a whole are shifted to 
long wavelengths relative to ethylene. The high electronegativity of 
the chlorine atom would lead one to expect the opposite on a simple 
inductive effect. The explanation is doubtless that resonance is occurring 
between the tt electrons of the double bond and the non-bonding lone 
pair of the chlorine : 


CH 2 =CH-C 1 : > - : CHa-^CH^Cl. 


Support for this is found in the fact that the band identified as due to the 
non-bonding chlorine electrons lies at slightly shorter wavelengths (1462 a.) 
than in ethyl chloride, indicating a higher ionisation potential and a positive 
charge on the chlorine atom. 

Similar effects occur in the other chloro ethylenes. The resonance is 
in accord with the results of electron diffraction : Brockway, Beach and 
Pauling » find in all the chloro ethylenes reduced — Cl distances 
(corresponding to resonance to C=C 1 ''), relative to the C — Cl distance 
in ethyl chloride. 

First regions of absorption similar to the 1850 a. region of vinyl 
chloride occur in the spectra of all the chloro ethylenes and are all to be 
interpreted as JV F in type, with perhaps some Rydberg character. 
As the number of chlorine atoms is increased, the increasing conjugation 
of the TT electrons of the C=C bond with the p-n- chlorine electrons pushes 
the transition more and more to long wavelengths. 

® Mulliken, J. Chem. Physics, 1939, 7, 20. 

® Mulliken, Revs. Mod. Physics, 1942, 14, 265. 

’ Walsh, Results to be published. 

® Brockway, Beach and Pauling, J. Am. Chem. Soo,, 1935, 57 » 2693. 

® Pauling, Nature of the Chemical Bond, Cornell, 1940, p. 215. 
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The Spectrum of cis DicMoroethyleue. 


The cis dichloroethyleiie uj^ed was a B.D.H. product of point 

58-60° C. 

As in all the other chloroethylenes, 
the spectrum (Plate 2) begins with a 
strong, diffuse, region of absorption. 

The ma;x:imum is at about 1900 a. 

There is no measurable structure in 
this region. A system of strong bands 
occurs in the region 1700-1600 a. The 
frequencies and frequency differences of 
the main bands are shown in Table V. 

The 1420 cm.-i difference must be the 
symmetrical C==C valence frequency, 
reduced by the excitation from its value 
of 1587 cm.-i in the ground state. 

The 810 cm.-i difference is probably the 
symmetrical C — Cl valence vibration 
(873 cm. in the ground state) . 

A rich vibrational system with many sharp bands extends from 1535 
to about 1430 A. Its structure is difficult to unravel witlxoiit introducing 

many arbitrary fre([iiency 
TABLE VI. — ^Pkogressions in the i 535-H3 o a. differences. A few frag- 
Region of m Dichloroethylene. men tary progression.^ from 


TABLE V. — EHi^guicNCUiS of 
THE Bands of ris Dichloro- 
ethylene in the 1700- 
1600 A Kkoidn. 


cm.' h 


59749“ 



^5 o 5 I 

60554 


61172- 

J 


8x0 

61982 

S1418 

62590- 

J 


cm,"*! 

cm.' 

65860 

66671 

1426 

67286 

■ 66874 

1393 

686'/g 

67087 


it are shown in Table VC. 

A third vibrational 
system appears to have 
its origin at 1414 a. The 
main bands of this system 
and their differences are 
shown in Table VCL 


In both these latter systems the 
symmetrical C = C valence vibration 
1410 cm.-^) appears and also a 
frequency ^250 cm.-h The latter, by 
analogy with ethylene, may represent a 
twisting of the CHCl groups about the 
C=C bond. 

At 1427 and 1347 a. strong bands 
occur which may be due to slight trms 
impurity, since bands in these positions 
are the strongest bands of the trans 
spectrum. Continuous absorption sets 
in about 1300 a,, rather earlier than in 
the case of tmns dichloroethylene. 

The spectra of the cis and trans di- 
chloroethylene have been previously 
studied by Mahncke and Noyes. 1-2 They 
found two Rydberg series in the as 
form : 


TABLE VII.-^Frequioncies of 
THE Bands of tihc X 414 a. 
System of cis Diciiloko- 

ETHYLENE. 


emr^. 


70725— — 
256 

70981 

Hlki 

7r24r 


M'4T(i 


72x41-—- 

270 

7241 1 


2.44 

7^^655 




1^x400 


73547' 


j/pD = 777^3 — 


= 78103 — 


R 

(n - 0-045)2 
R 

(n — 0*01)^ 


10 

n 

la 


Paulsen, Z. physik. Chem., B, 1955, 28. t^z. 

Trumpy, Z, Physik, 1934, 90, 133. 

Mahncke and Noyes, /. Chem . Physics , r935, 3, 536. 


(3) 

(4) 
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TLhe ioniScitioii potentials to which (3) and (4) lead, differ by 0*05 volt. 
Only four members were observed for each series : great reliance cannot 
therefore be placed upon their limits. The probable greater contrast of 
our plates has enabled us to obsServe these series rather better than could 
Mahncke and Noyes. Our revised formula) are 


vo^ = 77S50 — 
*^0*^ === 77937 - 


R 

(n -f 0-93) 
R 

[n H- 0-05)2 



Series (5) starts with the same two bands as series (3) and series (6) with 
the same two bands as series (4). Table VIII shows the accuracy with 
which equations {5) and (6) respectively reproduce the observed frequencies. 

hive members were observed for series (5) and four members for series 
(6). The 1900 A. region may in part represent the first member of series 
(d) (»^max. = 52630 cm.-^, vcaic. = 53^53 The limits of the two 

series are the same within the accuracy of the extrapolation and correspond 
to 9-61 3 : 0-02 V. Support for this value is found in the facts that both 
series proceed to ap- 
proximately the same TABLE VIIL — ^The Observed and Calculated 
limit, that the limit Frequencies of the Rydberg Bands of cis Di- 

coincides with the chloroethylene. 


onset of continuous 
absorption and that 
Mahncke and Koyes 
found an electron 
impact value of 
9*7 ± 0*3 V. The 
Rydberg series are 
presumably due to 
the excitation of a 
TT electron from the 
C=C bond. 

At about 1467 A. 
a very strong doublet 
occurs which is prob- 
ably analogous to the 
“ D bands found in 
the alkyl chlorides 
and due to the non- 


n. 

j Vohii. 

J'calc. 

cm."'^. 

Series (5) 

2 

65182 

650,68 

3 

70725 

70747 

4 

7333X 

73334 

5 

74749 

74730 

6 i 

75575 

75565 

Series (6) 

3 '1 

65840 

66140 

4 

71220 

71247 

5 1 

73652 1 

73634 

6 

74941 1 

74939 


bonding pTT chlorine electrons. The components lie at 1464 and 1469 a. 
They are thus vShifted slightly to long wavelengths relative to vinyl chloride, 
indicating a smaller positive charge on each chlorine atom in cis di- 
chloroethylene than on the single chlorine atom in vinyl chloi'ide. The 
resonance forms for the dichloroethylene, similar to those already written 
for vinyl chloride, are 


: Cl— CH-CH— Cl : C1-=CH— CH-— Cl : : Cl— CH— -CH=C1 

H* + 

Each chlorine atom thus bears a positive charge in only one out of three 
resonance forms, whereas in vinyl chloride the single chlorine atom bears 
a positive charge in one out of two resonance forms. This is doubtless 
why the chlorine atom in vixryl chloride bears a greater positive charge 
in the resonance hybrid than do the chlorine atoms in dichloroethylene. 

The C=C bond is subject to twice as great an inductive effect by the 
chlorine atomvS in dichloroethylene as in vinyl chloride. In spite of this, 
the first maximum occurs at 1900 a. as against 1850 a, in vinyl chloride 
and the ionisation potential of the n electrons of the C—C bond at 9-16 
as against 9-95 v., showing the predominance of the mesomeric effect 
■over the inductive effect. 
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TABLE 

THE 


IX. — FREgUBNCIES OF 
1530 A. Bands of trans 

DlCHLOUOETnYI.ENE. 


1444 


The Spectrum of trans Dichloroethylene. 

The irans dichloroethyJene used was a B.D.PI. product of boiJiug 
point 47**48° C. 

The spectriini as a whole is noticeably more diiluse than that of the 
cis molecule. It begins with a diffuse 
region of absorption, of maximum 
about 1950 A. On the short wave- 
length side of this, between 1800 and 
1550 A., a few diffuse bands can be 
observed. At 1530 a, a {strong vibra- 
tional progression starts. Many fre- 
quencies seem to be appearing here, 
but Table IX shows the main regu- 
larities. The bands are very sharp. 

The frequency of about 1435 cm.-^ 
is undoubtedly the symmetrical C = C 
valen.ce frequency reduced by the ex- 
citation from its value of 1577 cm.“^ in 
the ground state. The 730 cm.“^ fre- 
quency is probably the symmetrical 
C — Cl valence vibration (847 .cm.-^ in 
the ground state 1^). The 180 cm.-^ 
frequency possibly represents the 
symmetrical lowest Raman frequency 
(349 cm.-i). 

At 1427 A. occurs the strongest 
band of the whole spectrum. Thence- 
forward, bands occur, crowding to- 
gether and decreasing in intensity to- 
wards shorter wavelengths in the 
familiar manner of Rydberg bands. 

They fuse into a continuum about 

1240 A. It was found possible to arrange many of the bands into a 
Rydberg series represented by 


65419 

65789 

66151- 

66335 

66863 

67222 

67590 

67770 

68292 

6S655 

69056- 

69223 


370 ^ 

] 

1-732 

184 


359 ] 

: 1 

1 

180 


363 1 

j 

ylH 




167 


= 80283 ”” 


R 


(7) 


{n d- 0*28)® 

The accuracy of this representation is shown in Table X, I'Jie limit 

corresponds to 9*91 0*02 v, 

TABLE X. — Observed and Calculated 
' Frequencies of the Rydberg Bands 
OF tyans Bichlorobthylene. 


The reality of the ionisation 
potential is strongly su])ported 
by the appcaranct*. of many 
bands converging to the con- 
tinuum which starts at tha 
limit. It is to be noted that 
the irans ionisation potential 
is slightly higher (0*3 v.) than 
that of the cis. An estimate 
of the ionisation potentials 
based on the positions of the 
first region of absorption 
would therefore have indi- 
cated a wrong order, since 
the first absorption maximum 
is at longer wave-lengths in 
the irans than in the cis form. Only when the upper orbital of the first 
transition contains the same atomic framework in two molecules can 
comparative predictions of their ionisation potentials be made from their 
first regions of absorption. 


n. 

Vot>8. 

cm.“i 

J^calc. 

3 

70081 

70086 

4 

7426S 

74292 

5 

76350 ' 1 

76349 

6 

77505 

77503 

7 

78220 1 

78214 

8 

78738 

7S6S4 
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Plate 3. — The Spectra of Trichloro and Tetracliloroethylene. 
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Since the resonance hybrid lias something of the character of a diene, 
it may be that the trans dichloroethylene has a higher ionisation potential 
than the cis for the same reasons {e.g, repulsion of the double bond electrons 
in the cis form) that cause trans dienes to have higher first ionisation 
potentials than cis dienes. On the other hand, the first strong, 
diffuse, absorption in these dichloroethylenes is interpreted as iV ^ F. 
Such absorption is pushed further and further to long wavelengths the 
greater the resonance. The chlorine atoms bear positive charges in the 
resonance hybrids. Hence, in the cis form, their repulsion results in mole- 
cular strain (such as slight twisting from the planar condition) which in 
turn reduces the resonance (for, resonance, the axis of symmetry of the 
2 p 7 r electrons must be parallel with the axis of symmetry of the double 
bond TT electrons) and so relieves the strain. The resonance is thus less 
in cis than in tmns dichloroethylene and the A*" F transition is at longer 
wavelengths in tmns than in cis, as observed. The position is rather 
like that in unsymmetrical methyl styrene ’ where the repulsion of the 
methyl and phenyl groups causes a slight twisting about the Ph — C 
bond, with a consequent reduction in conjugation energy between the 
77 electrons of the benzene ring and of the C=C bond, resulting in certain 
regions of the spectrum being shifted to short wavelengths relative to 
styrene, in strong contrast to the usual effect of methyl substitution. 
Other examples of steric hindrance reducing conjugation are to be found 
in the reviews by Lewis and Calvin and by Mullikeii and Rieke.^® 

The D'* bands due to the non -bonding pTr chlorine electrons do 
not appear strongly in trans dichloroethylene. They are probably 
present in the neighbourhood of 1467 a. but it is difficult to be sure of 
their exact identity. One expects them to lie slightly on the short wave- 
length side of the corresponding bands in cis dichloroethylene, as a con- 
sequence of the greater resonance in the trans form. 

As mentioned in the discussion of the cis spectrum, the spectra of the 
dichloroethylenes have been previously reported by Mahncke and Noyes. 
In several respects, the interpretation of the spectra given here is in dis- 
agreement with that given by Mahncke and Noyes. The discrepancy 
in the case of the cis ionisation potential has already been noted. For 
the first ionisation potential of the trans form, Mahncke and Noyes were 
unable to find any Rydberg series, but gave an electron bombardment 
value of 11*3 v. It is improbable, however, that the separation of the 
cis and trans ionisation potentials would be as much as 1*7 v. ; correspond- 
ing regions in the spectra are shifted by very much smaller energy amounts 
than that. 11*3 v. is probably the approximate value of a higher ion- 
isation potential of trans dichloroethylene. Judging from the position 
of the D '' bands in cis dichloroethylene, the ionisation potential of 
the pTT chlorine electrons is ^ io-q v. The ionisation potential of the 
pTr chlorine electrons in trans dichloroethylene is probably not far different 
(a little higher). It may thei'efore be that the vahie 11*3 v. represents 
the ionisation potential of the non-bonding chlorine electrons, since 
electron impact values are usually a few tenths of a volt higher than 
spectroscopic ionisation potential values. 

The Spectrum of Trichloroethylene. 

Commercial trichloroethylene was purified by fractional distillation, 
that boiling at 88° C. being used. 

The spectrum (Plate 3) begins with a strong, diffuse, region of absorp- 
tion of maximum about 1960 a. No .structure is visible in this region, 
except possibly a few very faint bands on the short wavelength side. 

Price and Walsh, Proc. Roy. Soc., A, 1940, 174, 2Z0. 

Ibid,, 1941, 179, 201. 

Lewis and Calvin, Chem, Ret),, 1939, 25, 302. 

Hullikcn and Ricke, Rep. on Prog, in Physics^ 1941, 8, 231. 
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Since the resonance hybrid has something ot the character of a diene, 
it may be that the tmns dichloroethylene has a higher ionisation potential 
than the cis for the same reasons {e,g, repulsion of the double bond electrons 
in the cis form) that cause tmns dienes to have higher first ionisation 
potentials than cis dienes. On the other hand, the first strong, 
diffuse, absorption in these dichloroethyleiies is interpreted as N V. 
Such absorption is pushed further and further to long wavelengths the 
greater the resonance. The chlorine atoms bear positive charges in the 
resonance hybrids. Hence, in the cis form, their repulsion results in mole- 
cular strain (such as slight twisting from the planar condition) which in 
turn reduces the resonance (for, resonance, the axis of symmetry of the 
2 pTr electrons must be parallel with the axis of symmetry of the double 
bond TT electrons) and so relieves the strain. The resonance is thus less 
in cis than in tvans dichloroethylene and the N V transition is at longer 
wavelengths in tmns than in cis, as observed. The position is rather 
like that in unsymmetrical methyl styrene ’ where the repulsion of the 
methyl and phenyl groups causes a slight twisting about the Ph — C 
bond, with a consequent reduction in conjugation energy between the 
77 electrons of the benzene ring and of the C=C bond, resulting in certain 
regions of the spectrum being shifted to s/iort wavelengths relative to 
.styrene, in strong conti*ast to the usual effect of methyl substitution. 
Other examples of steric hindrance reducing conjugation are to be found 
in the reviews by Lewis and Calvin and by Mulliken and Rieke.^® 

The " D '' bands due to the non-bonding chlorine electrons do 
not appear strongly in tmns dichloroethylene. They are probably 
present in the neighbourhood of 1467 a. but it is difiicult to be sure of 
their exact identity. One expects them to lie slightly on the short wave- 
length side of the corresponding bands in cis dichloroethylene, as a con- 
sequence of the greater resonance in the tmns form. 

' As mentioned in the discussion of the cis spectrum, the spectra of the 
dichloroethylenes have been previoxisly reported by Mahncke and Noyes. 
In several respects, the interpretation of the spectra given here is in dis- 
agreement with that given by Mahncke and Noyes. The discrepancy 
in the case of the cis ionisation potential has already been noted. For 
the fir.st ionisation potential of the tmns form, Mahncke and Noyes were 
unable to find any Rydberg series, but gave an electron bombardment 
value of 1.1*3 v. It i.s improbable, however, that the separation of the 
cis and ircins ionisation potentials would be as much as 1*7 v. ; correspond- 
ing region.s in the spectra are shifted by very much smaller energy amounts 
than that. ii’3V. is probably the approximate value of a higher ion- 
isation potential of trans dichloroethylene. Judging from the position 
of the " bands in cis dichloroethylene, the ionisation potential of 
the pTT chlorine electron.s is 10-9 v. The ionisation potential of the 
Ptt chlorine electrons in tmns dichloroethylene is probably not far different 
(a little higher). It may therefore be that the value 11*3 v. represents 
the ionisation potential of the non-bonding chloz'ine electrons, since 
electron impact values are usually a few tenths of a volt higher than 
spectroscopic ionisation potential values. 

The Spectrum of Trichloroethylene. 

Commercial trichloroethylene was purified by fractional distillation, 
that boiling at 88 ° C. being used. 

The spectrum (Plate 3) begins with a strong, diffuse, region of absorp- 
tion of maximum about xg6o a. No structure is visible in this region, 
except possibly a few very faint bands on the short wavelength side. 

Price and Walsh, Proc. Roy. Soc., A, 1940, 174, 220. 

Ibid., 1941, 179, 201. 

Lewis and Calvin, Chem. Rev., 1939, 25, 302. 

Mulliken and Ricke, Rep. on Frog, in Physics, 1941, 8, 231. 
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At 1686 A. a strong band occurs which is evidently the origin ol; a vibra- 
tional progression extending to 1 550 a. The frequeircies of the main bauds 
of this system and their assignments are shown in Table XI, 

The vibrational structure of the weaker bauds ot the region is compli- 
cated and it may be 
that more than one 
electronic level occurs 
in the absorption. 

The 1400 fre- 

quency must be the 
symmetrical C—C 
valence vibration, re- 
duced by the excita- 
tion from its value of 
1585 cm.-^ in the 
ground state. The 
660 cm.-^ frequency 
is probably the C — Cl 
symmetrical valence 
vibration (775 cm.”^ 
in the ground state) 
also reduced by the 
excitation. 

At 1585 A. the 
' continuum weakens 
considerably and at 
1553 A. a strong band 
initiates another vibrational progression. The fi*equcncie.s and assign- 
ments of the main bands in this region are shown in Table Xl’L 
A C=C valence vibration occurs with practically the same value as in the 
first system. The 426 cm. vibration is probably a C — Cl S frequency. 
Below 1400 A. only diffuse absorption occurs. It is noticeable that, 

relative to the 
first region of ab- 
sorption, this is 
stronger than in 
vinyl clilqritle or 
in the dichloro- 
ethylcnes. In 
tetraclilo r< by h ‘iie 
it is stronger still, 
Ilcuai it is mainly 
duo to the cl<,}c.tnH)s 

in the C TU bonds 

or to the chlorine 
non“])onding (deo 
troris ami similar 
to the al)sorption 
found with carbon 
tetrachloride. 

If the 1686 A. and 1553 a. bands are consecutive members of a Rydberg 
series, an ionisation potential of ^71,000 cm. (8-8 v.) is indicated. 
Other bands can be found to fit such a series, giving the possible formula 


TABLE XII. — Frequencies and Assignments 01? 
THE 1553 A. Bands of Trichloroethylene. 


cm.“^ 

Assignment. 

J^caic, 

64373 

00 


64799 


64799 

65778 


65773 

66194 

oja + cuj. 

66199 

67163 

2^2 

67173 

67602 

20)., 0)1 

67599 

68555 

3^2 

6S573 


= 426 ± 10 cm.”^ W2 — 1400 ± 10 


TABLE xr.— FREgOENCIES and AsSKiNMICNTS of 
THE Trichlokoictiiylenk i() 8 o A. Band.s. 



Assignment. 

cm.' ‘ 

59295 

0000 


59582 


50575 

59697 

+ 0)2 

59695 

59961 

0)4 

5995.5 

60705 

OJg 

60695 

60985 

0)3 “It 0)^ 

60975 

61104 

0)3 iOi -f- 0)2 

6 [095 

61362 

0)3 -h W4 

613,55 

62091 

2^3 

6-095 

62362 

20)3 -h 0)i 

62375 

62483 1 

2^3 -{- 0)i -h W2 

62495 

62784 

20);, -{- 0)^ 

62755 


cui = 280 ± 10 cm.“-h <^2 120 :(: 10 cm. "'t 

a>3 — 1400 dr 15 W4 — fido :b 20 cmr^. 


= 70,890 — 


JR 

(n 4- o-io)“ 


( 8 ) 


Table XIII shows the agreement between observed and ciilculatcd fre- 
quencies. The series is presumably due to the excitation of a v electron 


Dadieu and Kohlrausch, Physik. Z., 1929, 138, 635, 
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from the C=C bond. The i960 a. region may represent the first member 
of the series, although as already stated the first region of absorption of 
ail the chloroethylenes is also to be interpreted as of ^ K character. 


The limit corresponds 

TABLE XIII. — Observed and Calculated Fre- to 8-75 v. Theionisa- 
QUENCiEs OF THE Rydbero Bands OF SERIES (8). tion potential cannot, 
^ however. be re- 

n. 

, VoDa. 

cm.“^ 

garded as definitely 
S established until con- 

firmed by an electron 

3 ! 

4 

5 

6 

7 i 

8 

59295 

64373 

66677 

67944 

68678 

69233 

impact determination. 
59471 The shift of the 

64362 first maximum of 

66671 absorption to long 

wavelengths relative 
69217 dichloro- 

ethylenes and the 

— piausxDie lomsarion 
potential of 8-75 v. 


indicate that the mesomeric effect due to the three chlorine atoms puts 
more negative charge into the region of the C==C bond than the inductive 
effect takes away. The mesomeric forms are 


Cl Cl Cl Cl Cl Cl Cl Cl 

iH=i Ih— 

ii ii ii " li 


When two chlorine atoms are 
situated on opposite sides of the 
C=C bond, the spectrum of the 
non-bonding chlorine electrons 
seems to be suppressed. Thus, 
whereas the chlorine D bands 
are prominent in chloroprene, 
monochloro benzene, o-dichloro 
benzene, vinyl chloride and cis 
dichloroethylene, they are weak (if 
present at all) in trans dichloro- 
ethylene. Similarly they do not 
appear strongly in trichloro and 
tetrachloroethylene* A theoretical 
explanation of this phenomenon 
would seem desirable. Possibly 
the bands become diffuse as in the 
spectrum of carbon tetrachloride. 


The 


TABLE XIV. — Frequencies and 
Frequency Differences in the 
1900 A. System of Tetrachloro- 
ethylene. 

cm.”^ 

Obscured. 


50801 

51275 

51742- 

52186 

52641 

53127- 

53522 

54020 

54457 - 


C.^450 

471 


444 

455 


395 

498 


>c. 1390 


> 13S5 


> 1330 


Spectrum of Tetra- 
chloroethylene . 

The tetrachloroethylene used 
was a pure product obtained from 
Messrs, Harrington. It had a boil- 
ing point of 120° C. 

The ultraviolet absorption spec- 
trum begins with a strong, diffuse 
region of absorption, of maximum 

around 1970 a. With increasing pressure this absorption spreads rapidly 
both to long and to short wave-lengths : in tliis respect it is to be 


55766 

57113 

58493 


59799 


1309 

1347 

1380 

1306 
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OF THE TetKACHLOROETHYLKNE THANHS 
THE 1573 A. System* 


contrasted with the first region of absorption in ethylene. On the short 
wavelength side of the maxhnnm a clearly marked progression of bands 
can be seen. The origin of this progression is probably obscured l^y 
emission lines. The system 

extends to 1700 a. : the TABLE XV.— "Frequencies ano AksignmI'.nts 
frequencies of the bands 
and their differences are 
shown in Table XIV. The 
bands are too diffuse for 
very accurate measure- 
ment. 

The main frequency 
differences are thus 

1350 i 30 

and 450 ± 30 cm. Of 
these, the first is evidently 
the totally symmetrical 
C=C valence vibration 
reduced by the excita- 
tion from its value of 
1569 cm-.-^^in the ground 
state.^’ The second is 
perhaps the C=C S fre- 
quency of 509 cm. in 
the ground state. 

In ethylene there is a 
strong vibrational pro- 
gression in the first (mixed 
Rydberg^iV -5- V) region 
of absorption. There are 

traces of vibrational progressions in the first absorption regions of all the 
chloroethylenes, but only in tetrachloroethylene is the progression really 
well marked. 

Around 1600 a. a second diffuse region of absorption occurs, weaker 

than the first and of 

TABLE XVI. — Frequencies and Assignments 
OF THE Bands of the 14^47 a. Progression 
IN Tetrachloroethylene. 


VoDfl. 

i 

Assignimuit. 


cm.~^ 


cm.'"' 

<■>3557 

GOO 


63817 • 


63817 

64030 


64037 

64907 

ws 

(>4900 

65167 

1 W3 “P 

65x60 

65394 

' Wq P Wg 

653»7 

65812 

(Ojj -h 2 01 a 

05802 

66240 

20J3 

(>0240 

66725 

2W3 -1- 

6f)720 

67213 

, 20)3 P 2 <Os 5 

6719.1 

67581 

3 <«ji 

67580 

67786 

3OJ3 -1" 

(>7840 

68082 

3^3 “h <^2 

68orK> 

68529 

30)3 + 20)a 

08540 

68915 

40)3 

68923 

69350 

40)3 P oJa 

69463 


— z 6 o ± 20 


wa = 1343 ^ 5 


; 480 ±10 cm/ 


maximum about X6X5 a. 
On the short wavelength 
side of this, at :i:573 a., a 
vibrational pr ogressi o r 
commences, the bands of 
which are sliarj) and 
strong. The fre<|uencieH 
of the liands and their 
assignments are siiown in 
Table XV. Three main 
vibratioiLs arc present : 
that of 1343 is the 

valence vibration in 
the excited state, that of 
480 is perhaps a 

C=C deformation fre- 
quency of value 445 cm, 
in the ground state and 
that of 260 cm.”i is per- 
haps the Raman frequency 
of 236 cm.-\ both these 
latter frequencies being slightly increased by the excitation. 15(39, 445 
and 236 cm.-i are the frequencies of the totally symmetrical vibrations 
in the ground state, intense in the Raman effect, 


Vobs. 

cm,"^ 

Assignment, 

Vcalc. 

cm."^ 

70097 

000 


70343 


70342 

70598 


70557 

70838 

Wg p 

70802 

71040 

2^2 

71007 

71436 

W3 

71430 

71898 

0)3 4- 0)2 

71890 

72303 

0>3 P 20 )a 

72350 

72754 

2a)g 

72763 

73194 

2e>8 -h cog 

73214 


wi = 245 ± 30 cm.'-i. C02 = 460 ± 30 cm.”i. 

^3 ~ 1333 ± 10 cm.-L 
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At 1427 A. a third vibrational progression starts. The frequencies 
and assignments of the bands in this progression are shown in Table XVI. 
The frequency differences involved are very similar to those in the second 
region. 

A fourth, weaker, progression overlaps the third, with its origin at 
1381 A. At 1360 A., however, the continuum weakens considerably and 
thenceforward only diffuse absorption occurs. 

Except for the 1970 a. region, the bands of tetraohloroethylene lie at 
shorter wavelengths than those of trichloroethylene. This indicates a 
higher ionisation potential for the tt electrons of the C=C bond. If the 
1573 A. and 1427 A, bands are consecutive members of a Rydberg series 
leading to this ionisation potential, a value of 77000 cm. (9*5 v.) 
is indicated. The exact amount of charge present in the C=C bond 
depends upon the resultant of the mesomeric and inductive effects. A 
higher ionisation potential than for trichloroethylene must mean either 
that the addition of a fourth chlorine atom causes a greater inductive 
than extra mesomeric effect or that symmetry factors cause the difference. 

There seem to be no bands in the spectrum that can correspond to 
the B ” bands found in the spectra of the alkyl chlorides and due to the 
non-bonding p 7 r chlorine electrons. 

Summary. 

The spectra of vinyl chloride, cis and trans dichloroethylene, trichloro- 
ethylene and tetraohloroethylene have been. photographed in the vacuum 
ultraviolet. Well-developed Rydberg series have been found for the 
first ionisation potentials of the first three of these molecules. The limits 
are 9*95 v. (vinyl chloride) ; 9*61 v. {cis dichloroethylene) ; and 9*9 1 v. 
(trans dichloroethylene). A possible Rydberg series with a limit at 8*8 v. 
is indicated for trichloroethylene. These ionisation potentials are all 
due to the excitation of one of the tt electrons of the double bond. The 
spectra as a whole show the importance of the conjugation of the Ptt 
non-bonding lone pair electrons on the chlorine atoms with the tt electrons 
of the C=C bond. 

This work was carried out in 1940, war-time conditions having delayed 
its publication. The author desires to thank Dr. W. C. Price for his constant 
encouragement and help. 

The Laboratory of Physical Chemistry, 

Cambridge, 


an apparatus to measure contact angles. 

By J. W. L. Be ament. 

Received 12th October, 1944. 

The apparatus described is being used to investigate variations with 
temperature in the hydrophilic properties of lipoid extracts of the insect 
cuticle and changes in the surface of the cuticle after moulting, by measure- 
ment of the angle of contact of water droplets. 

For Lipoid Extracts. — ^The lipoid film is laid down from a chloroform 
solution as a uniform layer on a glass coverslip and supported in the surface 
of a beaker of water by cork slips. Hot and cold water are mixed in the 
large conical flask, rates of flow being adjusted so that either a constant 
temperature is obtained or a steady rate of increase in temperature. A 
-constant pressure of outflow from the sidearm is ensured by the lead 
(attached to a filter pump) at the water surface, and the outflowing water 
passes into the beaker and also through the fine glass jet (Y) into the centre 
of the droplet on the waxed coverslip. Water is removed from the droplet 
by the second jet (X) which just touches the top of it, and is attached to 
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the filter pump. In this way the surface of the drop is alwitys being re- 
moved and the water kept clean. The positions of the jets are variable 
by the two worm screws supporting them so that any constant she of 
droplet can be used, or by raising the suction jet an advancing boundary 
is obtained ; by lowering it, a receding boundary. 

When water has been flowing regularly for some minutes the tem- 
peratures of the drop and of the surface of the bath on which the coverslip 



determined thermometrically 

At mgh temperatures it is necessary to keep the water bath heated 
t ^sect Cuticle Surface.— The insect is harnessed on a slip 

of celluloid attached to a multiple joint so that it can be placed at any 
required ange to the observer. The jets are placed over it as above the 

variation in hydrophyl properties with time 
(and not temperature) are obtained i:- J' i i « wiui ume 

Measurernent of the Angle of Contact.— The droplet is observed in 
a witati covershp tteough a low-power compound mici-o.scope having 

a rotatable hairline placed diametrically in the focal plane of the Vcpiecc? 
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A transmitting and reflecting prism is placed in front of the eyepiece so 
that the image of a protractor reflected in a mirror at 45*^ to the system is 
brought into superposition with the image of the droplet and the hairline. 
The positions of the components are adjusted so that in the field of view, 
the base line of the protractor is in line with the edge of the coverslip, or 
in.sect surface, with the protractor centre at the edge of the drop and at the 
optical centre of the microscope. Having obtained unity of plane by 
elimination of ellipses in the various images, rotation of the hairline gives 
perfect alignment with the graduations of the protractor. Direct readings 
of the contact angle can thus be obtained and rapid changes followed, 
keeping the hairline tangential to the image of the edge of the droplet. 

This optical system has been used to measure the contact angle by the 
method of tilting an immersed surface until the liquid meniscus is plane, 
and for other angular and linear variables. 

An account of results obtained with this apparatus will appear later. ^ 

Agricultural Research Council Unit of Insect Physiology ; 

London School of Hygiene and Tropical Medicine, 

^Beament (1945), /. exp. Biol, [in the press). 


REVIEWS OF BOOKS. 

Natural and Synthetic Fibers. A Looseleaf Literature and Patent 
Digest. Edited by Milton Harris and H. Mark. First Year, 1944 ; 
issued monthly. (New York : Interscience Publishers, Inc.) Sub- 
scription price per year, |6o. Binder, $3. 

Having already invested $63 in this publication, I can hardly find fault 
with it without confessing to a blunder on my own part. I have no wish 
to find fault with it though, suppressed or otherwise, except that it is a lot 
of money. I like it very much. 

Inspired by the fact that the textile industry is now passing over from 
a state of traditional empiricism to one of scientific reasonableness and is 
therefore, like every other branch of science, generating an increasing flow 
of papers of many kinds, the Editors and Publishers are aiming at a highly 
systematic Literature and Patent Service devoted to the physical and 
chemical structure of fibres and all the properties and processing of fibres 
and fabrics that ultimately rest on .such structure, (This claim must not 
be taken too literally, since the .solid part of all living things is mostly of 
a fibrous nature.) There is nothing new in the idea of abstracts of fibre 
papers, of course — the Textile Institute, for example, has long issued them 
— ^but this particular Service is distinguished by two main features : (i) the 
ab.stracts are so comprehensive that they contain most of the facts and 
data of the original papers and reproduce besides the important graphs, 
photographs, and other diagrams ; and (2) they are in loose-leaf form and 
are arranged according to a filing system based in the first place on chemical 
composition, and then on numerous aspects concerned with manufacturing 
processes, structure, properties and reactions, and analytical methods and 
testing, This sounds complicated, but the introductory classification and 
instructions are clear, and when these have been read it is easy enough to 
insert the loose leaves in their appropriate places as they arrive, and it is 
gratifying afterwards to be able to find one’s way about so quickly among 
a literature that is undoubtedly growing formidable. 
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About fifty journals will be surveyed (together with American, British 
and German patent sources), and the Publishers estimate that they will 
supply approximately looo pages in the first twelve issues. 


Colorimetric Determination of Traces of Metals. By E, 11 Sandicll. 
(Vol. Ill of Chemical Analysis, a series of monographs on afuilytical 
chemistry and its applications.) (New York ; Iiiterscience Pnblisli<u\s, 
Inc., 1944. Plaice $7.00.) 

With the increasing use in industry of pure, or nearly pure, metals .'uul 
alloys of carefully specified composition, the need for methods of accurate 
analysis both in the teaching laboratory and in industry becomes mote and 
more important. In order to meet this need there has been in recent 
years a tendency to introduce physical and physico-chemical methods, and 
also to develop new, or modify old, chemical methods so that vexy small 
traces of certain elements may be determined within narrow tolerances. 
Among these the colorimetric method has been extended towards lower 
and lower limits, and a considerable number of new determinations appears 
in the literature every year. 

In collecting together in one volume the most interesting examples of 
this method. Professor Sandell has earned the gratitude of all analysts who 
have occasion to resort to microchemical methods. Selection has, of 
course, been necessary, but since it has been made with a view to providing 
representative methods for a large number of metals rather than giving 
an exhaustive treatment of a few best methods, the result is an exceedingly 
useful handbook in which one or two methods for almost every metal may 
be found. 

The volume is arranged in two parts. The general part cliHcusscs 
micromethods in general in an effort to portray the proper position of the 
colorimetric method in relation to gravimetric and spectroscopic analysis, 
paying special attention to sources of error and limitations which must be 
borne in mind in assessing the limits of experimental error. This part 
includes a useful chapter on general colorimetric reagents, The second 
and larger part deals with the metals in alphabetical order, a system which 
facilitates reference. In every case, one or more methods are discussed 
after a short note on separations ; the procedures are then given iii detail, 
followed by instructions for the application of the method to particxilar 
cases. Adequate references to the original literature are given in almost 
every case. 

The book is produced according to the high standard we have come to 
expect from Interscience Publishers. 


E. K. H. 



THE EFFECT OF TEMPERATURE ON THE 
DENSITY OF POLYTHENE. 

By E. Hunter and W. G. Oakes. 

Received x6th May, 1944, 

The polymerisation of ethylene in suitable high pressure conditions 
gives very long chain hydrocarbons, ^ now known as polythenes, which are 
solid at ordinary temperatures and show a crystal structure.^ The cell 
dimensions and atomic positions have been established by C. W. Bunn,® 
who has also observed that the crystallinity is incomplete at ordinary 
temperatures, for the X-ray photographs show a band due to the presence 
of amorphous material.* The intensity of this band increases and that of 
the crystal structure lines decreases with rising temperature until finally, 
at some temperature in. the neighbourhood of 120-125° C., no trace of 
crystallinity remains. The idea that very long molecules may exist partly 
i n the crystalline and partly in the amorphous condition has been employed 
by Mark,® Fuller, Baker and Pape, ® and Bunn, ’ to account for the physical 
behaviour of those long chain polymers which show crystallinity. This 
theory, applied to polythenes, suggests that because of its great length the 
average molecule may pass through, and tie together, several crystals. 
In the crystals thei'e will be orderly arrangement, between them regions of 
disorder crossed by paraffin chains. The amorphous and crystalline 
regions cannot be regarded as mechanically separable phases, since it is an 
essential point of the theory that the same molecule may at the same time 
be over part of its length in the crystalline condition and over the remainder 
in the amorphous. With rising temperature, increased thermal motion 
will cause a growth of the amorphous regions at the expense of the crystal- 
line regions until a temperature is reached at which the material is entirely 
amorphous and indistinguishable from a viscous liquid composed of long 
molecules. A polythene at ordinary temperatures can thus be expected 
to have a density intermediate between that of a wholly crystalline high 
molecular weight paraffin and that of the supercooled liquid, and measure- 
ments of its density over a wide range of temperature should give some 
indication of the relative pnqDortions of the crystalline and amorphous 
regions and how they change with temperature. In the course of work 
done to assist in the technical applications of polythenes it has been possible 
to measure the density over the full temperature range in which marked 
cluinges in crystallinity might be expected. 

Experimental Measurements at Room Temperature. A flotation 

xuethod, accurate to cooi gin./c.c. was used for measui'ement of density 
at room temperature. Small pieces of polythene are put into a beaker with 
100 c.c. of an ethyl alcohol-water mixture (52 % CgHgOH by weight, 
d2o o-gio g./c.c.) in a thermostat at 20° C. (or 25° C.) and, while stirring 
gently, distilled water at the same temperature is run in from a burette 
until the test pieces remain suspended, neither sinking nor floating. The 
density of the final solution is measured in a standard pyknometer. For 

^ British i^atent 471590. 

® U.S. Patent 2153553. 

® Bunn, Traws. Faraday Soc., 1939, 35, 482. 

* Bunn, forthcoming publication. 

®Mark, /. Physic. Cham,, 194O1 44» 7^4- 

® Fuller, Baker and Pape, J. Amer, Chem, Soc., 1940, 62, 3275. 

’ Bunn, Proc. Roy. Soc., A., 1942, 180, 82. 
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THE DENSITY OF POLYTHENE 


routine measurements a graph showing the density of the final solutimi ns 
a function of the volume of water added may be constructed, and the 
densities of the polythene samples simply read olf from this grapli, It is 
necessary to thermostat the solution to avoid convection currents wiiich 
would otherwise make the estimation of the final point diiOculi:, and if 
great sensitivity is required, to allow time for the dissipation of licut of 
dilution of the alcohol solution. 

Soon after systematic measurements of the densities of polytlieiies wore 
begun it was found that the density of a particular specimen was to a. 
certain extent dependent on its previous thermal history. A s|)ocimeji n[ 
thin polythene film which had been “shock-cooled/' i,e, cooled quickly 
from the molten state by plunging it into cold water, was found to ha ve a 
density lower than that of a similar specimen of the same sa.m|)U.‘ which 
had been cooled slowly from the molten state. The effect of rate of >lin g 
on the density is illustrated by Table I. 


TABLE I. 

J^ate of cooling 
(ft) i20°-ioo° C. in 120 min. 

(ft) I2o'^-ioo® C. in 3 min. 

i2o°-ioa° C. in 2 secs, (appi'ox.) 


Density (20*^’ C.) 
0-926 g./c.c. 
0-922 g./c.c. 
o-9ttS g/c,c. 


Changes in the rate of cooling below 100° C. were found to liaiT- no 
measureable effect on the density, but it was observed that on anuoaliug 
a specimen of "'shock-cooled polythene iilm at 100“ C., its density (at 
20^ C.) was raised but was still below that of the " slow-cooled ” sjieciinen 
of the same sample. For example the density of specimen (t;) in 'Pa.ble 1 
after annealing at 100^ C. for i hour was 0-920 (20“^’ C,). 

It will be seen later that these changes in density are asstxnaled with 
changes in the degree of crystallinity. 

Measurements between 0 ° and 170 ° G. — ^The changes in density of 
a number of samples of polythene in the range 0° to 170° ('. were measured 
using standard pyrex dilatometers of the weight thermometer tyjje, with 
mercury as the filling liquid. Specimens were in the form of moulded 
cylinders weighing about 20 grams. During their preparation sj>ecial 
care was taken to eliminate all gas bubbles and cavities ; this was ensured 
by casting each cylinder in a boiling tube, kept between. 150" and 200'’’ 
under hard vacuum for several hours until all bubbles luul dispersed, 
before cooling slowly under vacuum. The top of the cylinder ('oulaining 
the cavity caused by thermal contraction during cooling W’^as ciit u-way, to 
leave a completely bxibble-free specimen to be sealed into tlu^ clilatometer. 
To eliminate air bubbles in the dilatometer itself, the apparatus was con- 
nected to an oil diffusion pump and filled with mercury while under liard 
vacuum. The final filling was completed with the bull), containing <;ii,e 
polythene specimen, at 0° C. The temperature was ra,iscd in .suilahh? 
steps to 170° C. and the mercury expelled weighed at each step, l-ictwiam 
about 60° C. and the melting point it was found that at least. 24 lionrs at 
constant temperature was necessary before the volume ])ecanie constant. 
Below 60° C. and above the melting point equililnium was establisin‘d in a 
few hours. Some measurements were made just below the melting point 
after cooling down from the molten state. In these cases it was (jlrservcd 
that supercooling could occur and that a much longer period was ncces.sary 
for equilibrium to be established and the point obtained during heating np 
repeated. 

The absolute density values were based on the values at 20'' C. (u; 25'' 
measured by the flotation method. To calculate tiie density at otluu’ 
temperatures the standard dilatometer method was used, corrcctious being 
applied for expansion of the mercury, for expansion of the dilatonieler 
bulb, and for exposed capillary. 
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Measurements between 20 *^ G. and 180 ” G. — Linear therniul 
expansion coefficients were measured in the range 20” C. to — 180'^ C. in 
an apparatus similar to that recommended by ’the A.S.T.M. for phistic 
materials. « The changes in length of annealed extrusion-moulded rods, 
TO cm. long, I cm. diam., were tneasiired on a dial gauge reading to 
o-oooi cm., at 10° intervals down to — 100“ C. A small thermostat 
employing liquid air cooling and controlled to ± 0*2*' C. was used down to 
— 100° C. and a final point at — 180*^ C. was obtained in liquid air. It 
was found that after 30 mins, at each temperature further changes in 
length were negligible. Density values, based on an independent deter- 
mination at 20° C., were calculated from the coefficients of linear expansion 
using the theroretical relation a — >(i ~\- i [where a = coeff. of 

cubical expansion jS coeff. of linear expansion.] 

The expex'imentai results are given in Table II as specific volumes 
(c.c./g.) at the temperature of measurement, in the order in which the 
measurements were made. 


Discussion. 

'Idle tabulated results show that the manner of density variation is 
much the same for all the specimens examined. In Fig. i, curves i and 2, 
which show the results 
for specimens V and VI, 
are typical of polythenes 
of normal average molec- 
ular weight. Curve 3 
shows the results for the 
lowest average molec- 
ular weight specimen 
examined, No. i. In 
general, on heating from 
room temperature a range 
in which the volume 
changes are not remark- 
able merges into one 
through which larger and 
larger rate.s of change 
appear, giving the curves 
a pronounced concavity 
upwards. This rapid rise 
in vcdiime terminates 
abruptly at a tcirajxera- 
ttire above which volume 
increases linearly and 
more slowly with rising 
temperature. The tem- 
perature of this abrupt 
change is presumably that at which solid first appears on cooling ; within 
a few degrees it is the same as that at which the liquid changes from 
transparency to translucency on cooling and above which no birefringence 
can be seen under the polarising microscope,^ and for polythenes of 
medium molecular weight is close to the softening point shown by 
the ball and ring test.** In the sub-normal temperature range there are 
signs of a transition occun*ing at about 40° C. in the particular speci- 
men examined. 

Although a tendency may be noted for increased molecular weight to 
raise the temperatui^e at which the last crystals vanish on heating and to 
decrease the specific volume of solid (particularly at higher temperatures). 



» A.S.T.M., D.696-42.T. 


A.S.T.M., F.28-42T. disc O'S mm. thick. 
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TABLE 11 . 


Specimeti I, 

\f}] ^ 0»30 

Specimen 11 . 

!'»?]=«■ 0*48 . 

Specimen lit. 
[^]^o*5r 

Specimen IV. 

[»)J «« 0*6+ 


v{c.G,)lg. 

#rc.). 

i»(c.c.)/g. 

«rc,). 

w(e.c.]/g. 

lire.). 

t>(c.c,)/g. 

0-0 

r*o86 

0*0 

1*073 

O'O 

1*069 

0*0 

1*070 

as'o 

i*io8 

25*0 

1*088 

20*0 

1*081 

25*0 

1*085 

42‘0 

1*126 

35*0 

i*og6 

31-7 

1*089 

35-0 

I *092 

50-0 

1133 

49*8 

1*107 

46*6 

I'lor 

46*0 

I-IOO 

6o«o 

1-149 

6o*2 

1 1*115 

62*0 

I*ii6 

53*9 

i*ro6 

72*4 

1*169 

69-7 

1*120 

74*1 

1*129 

60 *2 

fill 

8 I '3 

i*i86 

8i*4 

1*136 

95 *^ 

i*i68 

09*7 

1*121 

91-2 

1*212 

go*Q 

I' 149 

100*6 

1*178 

8i*4 

J -135 

100*5 

1*232 

98-3 

1*168 

io6'8 

1*203 

90*0 

1*148 

I 09‘4 

1*242 

IOT *9 

1*175 

112*3 

1*234 

98*3 

1*165 

122*7 

1*254 

104*3 

1*182 

115*0 

1*252 

101*9 

1*172 

132*8 

1*262 

io6*6 

1*191 

117*6 

1.257 

104*3 

1*178 

142*4 

1*272 

iog*2 

1*203 

125*4 

I *264 

1 06 *6 

1*186 

164*3 

1*292 

iii *3 

1*218 

137*0 

1*274 

109*2 

X*I<Ki 

113*3 

1*245 

113*0 

1*240 

150*0 

I **286 

iii*3 

1*208 

94*6 

1*225 

115*8 

1*241 

169*5 

1*304 

113*0 

1*236 

97*3 

1*227 

119*2 

1-253 

23*2 

1*083 

H5‘« 

1*244 

104*1 

1*238 

125*4 

140*2 

1*258 

1*271 

8i*8 

.86*2 

90*2 

94*5 

101*6 

1*141 

I - 149 

1*155 

1*163 

I *18 1 

H9'2 

125*4 

140*2 

1*259 

1 *264 
1*278 


Specimen V. 

M = 0*74- 

Specimen VI. 

[17] = 0-8 1. 


Specilueri, 

VII, 

Polythene. 

Spe<nra.en VIII, 

87*5 % Polythene 

12 *5 % Polyisobutylene. 

ipCO- 

u(0.c.]/g. 

ire.). 

w(c.c.)/g. 


w(c.c.)/g. 

tf(G.C.)/g. 

0*0 

i*o6i 

30*0 

1*0943 

0*0 

1*070 

1*071 

25*0 

1*076 

22-6 

1*0882 

25*0 

1*085 

I *086 

4'2*0 

1*087 

20*0 

1*0858 

38*2 

1-093 

1*095 

50*7 

1*092 

i8'0 

1*0844 

50*6 

1*104 

r*i;0(] 

6i*o 

1*102 

10*0 

1*0787 

60 *8 

1*112 

1 * 1 1 4 

72*4 

1*115 

0*0 

1-0725 

73*0 

1*125 

1T25 

8i*2 

1*126 

— 10*1 

1*0667 

«3-3 

1*138 

1*136 

91*2 

1*142 

- 15*0 

1*0641 

90*0 

1*147 


100*5 

I*l6l 

- 19*5 

1*0616 

100*0 

1*166 


I09'4 

1*195 

- 25*0 

1-0591 

108*0 

1*185 

1*183 

122*7 

1-254 

— 272 

1-0577 

115*6 

1*250 

i"^39 

I32'8 

1*263 

- 32*5 

1-0555 

121*2 

1**255 

1*244 

I 42’4 

164-3 

113-3 

iiS-8 

117*2 

io8*o 

110*2 

112*7 

115-3 

117*2 

1*272 

1*292 

1*223 

1*232 

1*249 

1*196 

i*2o6 

1*225 

1*^35 

1*239 

“ 39-5 

— 50*0 

— 71*0 

— g6*o 
— 178*0 

1*0519 

1*0485 

1-0417 

1*0342 

1*0105 

137-8 

1*269 

1*258 


Intrinsic viscosity [jj] = ( -log ) where c concentration in ^,lioo ml, 

_ time of flow (solutio n) 
time of flow (solvent) 

measured in an Ostwald No. i Viscometer (B.S.S. 18S-1937) in totralin at 75° C. 
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detailed comparison of the behaviour of the specimens shows that average 
molecular weight alone does not fix specific volume ; specimens can be 
found which have slightly lower specific volumes at a jDarticular temperature 
than others of rather higher average molecular weight. These finer 
differences arise from variations in the breadth of distribution of molecular 
weights in the specimens. 

From curves r and 2 of Fig. i expansion coefficients have been calcu- 
lated and plotted in Fig. 2. The volumes and their rates of change between 
50“ C. and 120° C. are evidently consistent with the polythene structure 
having amorphous regions which grow rapidly with increasing temperature 
in this range. The ability to retrace the curve on repeated slow heating 
and cooling with only minor hysteresis effects is interesting by contrast 
with rubber and polystyrene. Wood, Bekkedahl and Peters heated 
stark '' rubber (with a melting point above room temperature) and found 
a type of expansion 
resembling that now 
observed for polythene, 
but on cooling the 
material remained 
amorphous and the 
original rapid change in 
dimensions observed 
bet'\s^een 35° C. and 
40° C. was not reversed. 

In polystyrene, where 
crystallinity does not 
arise, cooling at a finite 
rate leads to a linear 
fall in volume with 
temperature until the 
neighbourhood of 80° C. 
is reached. At lower 
temperatures the fall 
in volume is also linear 
but at a lower rate.^^ Alfrey, Goldfinger and Mark have observed that 
behaviour in the upper temperature range is reversible but that while the 
coefficient of expansion in the lower range is constant the specific volume 
clependvS on the rate at which the specimen has been cooled. They explain, 
the transition as a change from, conditions in which, because of the high 
temperature, diffusion of tlie long molecules is sufficiently rapid for the 
liquid to follow its equilibrium structure on cooling to conditions in which, 
because of the lower temperature, diffuson is extremely slow and the liquid 
is unable to attain its equilibrium structure through being " frozen " in 
a less compact arrangement. In this " frozen " condition expansion will 
be similar in mechanism and magnitude to that of a cryvStal lattice. The 
transition from one expansion coefficient to another will occur in a tem- 
perature range where relaxation time is comparable to the experimental 
time-scale. When polythene is cooled there may thus be two different 
factors affecting the, final volume. The specific volume of the amorphous 
material after rapid cooling may be higher than the equilibrium value of a 
supercooled liquid because of " freezing ”, and the weight ratio of crystalline 
to amorphous material may depend on rate of cooling. No direct evidence 
on the first point is yielded by the measurements now reported. The 
relatively minor difference in density between shock-cooled and slow- 
cooled polythene, and the fact that thCvSe densities are closer to that (.>f the 

Wood, Bekkedahl, Peters, /. Res. Nat. Bur. Stand. , I939i 23, 571. 

Patnode and Scheiber, J. Amev. Chem. Soc., 1939, 61, 3449. 

Alfrey, Goldfinger and Mark, /. App. Physics, 1943, !4, 700. 
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crystal than that of the supercooled liquid, suggest that while crystallisat ion 
may be modified it cannot be seriously hindered by rapid cooling. 

Rough estimates of the proportion of crystalline material present in 
polythene at different temperatures have been made in the following way. 
The observed specific volume of a sample is assumed to be related to the 
proportions and specific volumes of the crystalline and amorplunis mat erial 
by the expression. 

• b"ery.st.. + b^Aniorrh. 

where is the weight fraction of — CH.\ — groups in the crystal line form. 
A linear extrapolation of the volume — temperature line downwards from 
the 170°-! 20° C. range is assumed to give the specific volumes of the amor- 
phous regions in the solid at temperatures up to 1 15° C. The speci lie w )lume 
of the polythene crystal is i-oo at room temperature ; its volume 
expansion coefficient is assumed to* be approximately 6 x 10-^ c.c, ])er 
c.c. per °C., a value reported by van Hook and Silver for Qg to C21 
paraffins at temperatures 10° C. below their melting points, in agreement 
with measurements of Muller. 

From these data and the volume-temperature curve 1; of big. 1: the 
percentages of crystalline material at various temperatures have been 
calculated and are shown to the nearest 5 % in Table HI.. 

TABLE HI. 



These figures suggest that about half of the final proportion of crystalline 
material appears on cooling less than ten degrees below the temperature 
of the first signs of crystallinity, and that below 60-70^^ C. the relative pro- 
portions of the tw'O types of structure cease changing with temperature. 
The calculated values for the fraction of crystallinity are j:>robably too low, 
especially at the lower temperatures. The material in the iit nor plums 
regions has not the same freedom to diffuse as the molecules of a wholly 
liquid medium, since it consists of chains whose ends are enclosed in m*ystals. 
At a sufficiently low temperature the limited possibilities of volunn^ rtv- 
adjustment in the amorphous regions will be suspended by the " freezing " 
effect discus.sed by Alfrey, Goldfinger and Mark, llius at all temperatures 
the specific volume of material in the amorphous regions is lili’ely to be 
higher than that obtained by extrapolation of the liquid line. 

The density-temperature relationships of the polythene specimens which 
have been examined can be explained in the following way. in the time 
liquid condition (above 120° C.) relaxation times are too short to prevent 
the attainment of equilibrium. Below a temperature in the ncighl:)ouidio(>d 
of 120° C. (the precise value depending on the composition of the specimen) 
crystalline material appears in proportions determined by the temperature. 
At temperatures down to 60-70° C., readjustment of the crystalline-amor- 
phous ratio after a temperature change is apparently fairly rapid, but when 
60° C. is reached further variation of the ratio with falling temperature 
does not occur. Below 60° C. the material in the amorphous regions adjusts 
itself to temperature changes by segmental movement. On cooling to a 
sub-normal temperature a point is reached (at — 40° for the specimen 
examined) where there are signs of a transition. This may be interpreted 

van Plook and Silver, /. Chem, Physics, 1942, 10, 68(i. 

Muller, Proc. Roy, Soc., A, 138, 1932, 514. 
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as the temperature at which the amorphous material becomes “ frozen ” 
and below which expansions or contractions have the magnitude to be 
expected from a structure in which diEusion processes are negligible. 

Alfrey, Goldfinger and Mark point out that changes in mechanical 
behaviour can be expected on passing into the ” frozen state. There 
may possibly be a relation between the temperature at which brittleness 
develops in a polythene (as judged by the usual flexure tests) and the 
lower transition temperature, for the mateidal of specimen VI, with a 
transition temperature in curve 2 (Fig. i) of — 45° C. survives flexing at 
— 25''' C. but fails at — 45° C. It will be necessary to examine the thermal 
expansions of a wider series of polythenes to determine this matter, for 
brittleness temperature depends on molecular weight ; polythenes of 
higher molecular weight which can be hexed below — - 100^ C. have been 
made and it is intended to examine the density-temperature relationships 
of these materials. It is not clear how the lower biittleness temperature 
of long chain material is to be explained simply in terms of the freezing 
of movement in the amorphous regions which are likely to contain only 
segments of molecules and thus to have properties relatively independent 
of specimen molecular weight. 

Although the physical behaviour of long chain molecules in flow pro- 
cesses can largely be explained on the assumption that the flow steps do 
not in volve the motion of the whole chain but merely of parts of it, average 
chain length has some part in determining the density-temperature charac- 
teristics of polythene. It is seen from Fig. i that the amount of crystalline 
material present at temperatures in the region of 100° C. depends on average 
molecular weight. • From the fact that polythene can be partially fraction- 
ated from saturated solutions it can be concluded that a tendency exists 
for the crystals, at any temperature, to contain the longer molecules of the 
complex rather than the shorter ones, i,e. for the longer chains to be less 
soluble, in any medium, than the shorter ones. The general nature of the 
volume-temperature relationships in polythenes can indeed be deduced as 
phenomena to be expected in a multi-component system in which the 
components have melting points dependent on molecular weight and which 
are capable of forming mixed crystals in equilibrium with liquid over a 
wide temperature range. In such a system 'the flx'st crystallisation tem- 
perature will be lower the greater the proportion of lower melting point 
components ; the first crystals will be richer in higher molecular weight 
components than the whole complex ; the ratio of crystalline to liquid 
(amorphous) material will vary with temperature between the limits of 
the liquidus and solidus surfaces and, because of the slow rate of transfer 
of matter between crystalline and amorphous phases, the composition of 
the two phases may depend on rate of cooling. Differences in density 
and in mechanical properties between shock-cooled and slow-cooled speci- 
mens are to be expected, and the process of annealing a shock-cooled 
polythene at 100° C. has a similarity to that of annealing an alloy at a 
temperature slightly below the melting point. This analogy with a formal 
phase-rule system, however, must be used cautiously, for it is incomplete, 
since although the amorphous and crystalline regions in polythene can be 
expected to have different thermodynamic properties they cannot be 
treated as mechanically separable phases. 

Table 11 includes measurements on a polythene (VII) and a polythene- 
polyisobutylene mixture (VIII) containing Sy^ % by weight of the material 
of specimen VII, In the solid state the specific volumes of the two materials 
are practically identical at each temperature ; above 115° in the liquid the 
mixture has a lower specific volume thair the polythene, but the same 
expansion coeiiicient. By a similar method to that used cibove, with the 
assumption that no polyisobutylene is present in the crystalline regions, it 
can be shown that the ratio of amorphous polythene to crystalline polythene 
is the same in the mixture as in unblended polythene. The close similarity 
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Throughout the operation the temperature o£ the outer huth wa.s ad- 
justed to be equal to that of the oil in the calorimeter, thus maintaining 
adiabatic conditions. The temperature rise of the calorimeter cmiients 
due to various measured inputs of electx-ical energy was mcasur(‘<i, lime 
being allowed for the calorimeter temperature to reacdi a stv^ady state 
between the successive periods of heating. In, tlii.s way the; total heat 
contents at various temperatures, referred to tJu' ho;it conUuds at io'' 
as zero, were measured both with and without the ])oIytheiui sample, the 
difference giving the total heat of the polythene alone. 

(h) Heat of Solution — ^The solubility of polythene in hydrocarbon 
solvents is very low at room temperaturCvS, but becomes appreciable at 
higher temperatures. The heat of solution was thus measured at -So ’ 

In order to increase the rate of solution the polythene was made into p« nvder 
by precipitation from hot benzene solution by the addition of excess acet(.>uo. 

In the first method the apparatus was similar to that described al>ove. 
The lid of the enclosing vessel carried thermocouples, heater and stirrer, 
and a glass funnel through which solvent and polythene powder were 
introduced. The assembly was placed in the thermostat at the rei[ aired 
temperature, and a weighed amount of xylene, previously heated, was 
added. The temperatures of the xylene and the outer l.>ath were tlien 
adjusted until both were steady at the required temperature. Polythene 
powder, which had been allowed to reach the same 1:0111] )eraturc^ in a 
weighed container fitting into a silver tube in the outer liath, was then 
added rapidly to the solvent through the glass funnel. The teni]>eratures 
of the solvent and the solid before mixing, and of the solution after mixing, 
were read at minute intervals. After mixing, and while .solution was taking 
place, the temperature of the outer bath was reduced to follow the change 
in temperature of the solution until the latter was steady. 

' The specific heat of the solution was measured over the a])i)ro])riate 
temperature range by observing the temperature rise corresponding to a 
known input of electrical energy to the calorimeter. From the decrease 
in temperature of the solution the heat absorbed on dissolving the ])olythene 
was calculated. 

The second method was devised in an attempt to reduce the time 
required for a heat of solution determination, at the expense of accuracy, 
in order that it might be used as a routine test for the rleteriniiiation. of tiK'. 
degree of crystallinity of polythene samples. A Dewar vessel, susiKuided 
in a thermostat at the appropriate temperature, served as the calorimctcir, 
and polythene powder was added to the xylene as before. Teinptirature 
readings were taken at intervals before and after the inixitig, and tlie 
decrease in tenaperature due to mixing was calculated by an extrap{>!atiou 
from a temperature-time plot. Heat capacities of caloriinoler ami solution 
were measured as before. 

Experimental Results, 

(a) Heat Content (Enthalpy). — Fig. x shows the values for tlie iicai 
content of a sample of polythene at temperatures up to 163” C. rebuTcd to 
the heat content at 20° C. as zero. After the fiirst determination, the sauij)le 
was cooled down and the experiment was repeated, but tlie results were 
not coincident with the first series. This may be duo to experimental 
error, which, because of the low heat capacity of the polythene C()m{)ared 
with that of the calorimeter, may not be less than d: 5 %. A ]H)ssil>le 
contributory cause is, however, lack of attainment of true thermodynamic 
equilibrium between the crystalline and amorphous regions in polythene. 
This lack of complete reversibility of the crystal line-aixiorphous chaiige 
has been shown by measurement of the heat ca|)acity over tlu^ range 
95-105° C., cooling and repeating the measurement. In the second case a 
lower value for the specific heat over that range was obtained, in<licating 
that more crystalline material was di.spersed on heating j^uj) than was 
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re-formed during the subsequent cooling process. The time-dependent 
nature of crystallization processes in polymers is well known. The actual 
experimental error in the second determination is believed to be less than 
in the fcst, and greater time was allowed for equilibrium to l)e attained. 




14-0 


Fig. I. — Heat content of i gr. of polythene. 

The break in the curve at about 115° C. corresponds to similar breaks 
in the specific volume-temperature curves and to the melting of the poly- 
thene to a transpai*ent liquid. 

(6) Specific Heat. 

— ^The slope of the en- 
thalpy - temperature 
curve (Fig. x) at any 
temperature gives the 
specific heat. Fig. 2 
shows a plot of wSpec- 
ific heat as a func- 
tion of temperature 
for the polythene 
sample examined. It 
is of interest to com- 
pare these values 
with those obtained 
for pure paraffins of 
chain length about 
12 to 20. In the 
case of liquid paraf- 
fins, data on specific 

heat on the range j 

115-170° is rare, but 

the work of Hiifi- Xbc. 2.---Speciric heat of polythene, 

maun, Parks and 

Barmore ^ suggests that, as the chain length increases the value of 
at o°C. is approaching a value of about 0-5 1. 'Fhe temperature coefficient 

'‘Huffman, Parks and Barmore, J,A.C.S., I03ii 53, 8?^^* 



Fig. 2.- --Specific heat of polythene. 
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of Cp for a liquid paraffin is about 0‘0008 cal. per degree per g., and 
hence at a temperature we nia,y write C-p — 0*5 1 o*ooo.S t. i his cor- 
responds to the line drawn in Fig. 2 ; at temperatures just above the 
melting point the specific heat of liquid polythene appears to he somewhat 
higher than the results on short chain paraffins would sngge.st, but at 
higher temperatures agreement is better. This point will In) dis('usscd later. 

The specific heat of pure solid paraffins may be rei)resent(Hl a])proxi- 
mately by the equation Cp 0*40 + 0*00x2 t (whore t ^ ttmiperature in 
° C.). The line representing this equation is shown in I'ig. 2. It is seen 
that even at 20° the specific heat of the solid polythene (0*55) is greater 
than that of pure paraffins, and that the value increases at an iuer( casing 
rate as the temperature approaches the melting point, indicating an iu-^ 
creasing rate of disordering of the solid structure, culminating in tlie 
disappearance of crystallinity at the temperature (115“ for this sample) 
iiormalZy referred to as the “ melting point 

(c) Heat of Fusion. — Ubbelohde « has poixited out the difficulty of 
assigning a value of heat of fusion to a paraffin which .shows an order 
disorder transition over a temperature range instead of a sharply defined 

molting ])oiiit, Thisdifii- 

TABLE I,-Heax of Fusion of Souid cultyisovoii more timrked , 

Por-yiHENE. (.g j,„iythono, 

where the disorder tran- 
sition is ap])aroiit over a 
temperature range of at 
least 6(f' C. If wo extra- 
polate the enthalpy of 
liquid polythene to tem« 
peratures i)el(>w the melt- 
ing point we can, however, 
calculate the difference in 
heat content 1 between 
solid and a hypothetical 
liquid polythene at any 
temperature, and from 
the change in this term follow the change in degree of crystallinity of the 
polythene. 

This calculation is clearly sensitive to the extrapolation of the enthalpy 
of the liquid polythene, and hence to the value of the specific hent: chosen. 
If we u.se the expression Cp 0*51: -|- o-ooo8 if, which is np])roxinuitely 
valid for liquid paraffins, the enthalpy B't, 1 of one gram of li(jui(l polyf lume 
at any temperature I °C. is given by 

rU5 


Temp. ®C. 

Ft, 1 
cal./g. 

Ft, B 
cal./g. 

Ht, 1 - Ht. 8 
cal./g. 

20 

43*4 

0 

43-4 

40 

54*2 

11*6 

42-6 

60 

65*1 

25*6 

39*5 

80 

76*5 

43*r 

33*4 

90 

82'2 

53*5 

28*7 

100 

88-1 

66*4 

21*7 

no 

94*1 

84*5 

9*6 

II5 

97.0 

97*0 

0*0 


Ht, ] 


J ILO , 

^ (0*51 -f O-OOOrS /.) (h, 


(the enthalpy at 115“ being 97 cal, referred to the \’'alue for solid polyUuuie 
at 20° as zero — see Fig. i). Table I shows values of the diffenuici^ bef wtHUt 
Ht, 1 and the enthalpy of the solid Ht, a at a series of temperatures, liase<l 
on the second determination (Fig. i). 

In view of the assumptions made above regarcling the heat content 
attributed to liquid polythene below the melting point, tliese valutas are 
not to be regarded as absolute, but indicate the general trend of the decrease ^ 
in crystallinity of the solid as temperature increases. 

(d) Heat of Solution. — Some values for the heats of solution of polythene 
powders in xylene, to give 5 % solutions by weight, are shown in Table II. 

If (Hi, t — Ha, t) is the difference in heat content between li(iuid and 
solid polythene, and AHm is the heat of mixing of li(|iiid polythene with 
the solvent, the heat of solution AHeoi is given by 

AHaoi ~ Hi, t Ha, t H' AHm 


® Ubbelohde, Trans. Faraday Soc., 1938, 34, 282, 292. 
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The heat of mixing of liquid polythene -with xylene has not been 
measured, but by analogy with the heat of mixing of heptane and of 
medicinal paraffin with xylene it is probably of the order of — 5 calories 
per gram. The heat 

of solution of poly- TABLE 11 , — Heats of Solution of Polythene 
thene should therefore Xylene. 


be about 5 calories 
more negative than 
the heat of fusion at 
the same temperature. 
That this is very ap- 
proximately so is 
shown by a compari- 
son of the figures for 
sample 3 in Table II 
■with those in Table I, 
which refer to a simi- 
lar polythene. 

(e) Degree of 
Crystallinity. — As 
the chain length 
increases the heat of 


Sample 

Number. 

, 1 

Mtjlecular 

Weight.* 

Tompturature, 

Heat of Sola, 
cal./g. 

Method. 

I 

11,800 

78*08 

- 33*35 

I 



78-95 

- 33*53 




79-59 

- 33*09 


2 

10,000 

8i*o 

-33*2 

2 

3 

15,600 

80*5 

- 36-8 

2 



90-5 

- 27*1 . 




95*0 

- 25-0 

■ 



* Calculated from the intrinsic viscosity [1^] in tetralin 
at 75^ C, -asiiig the formula M.W. ^ 20,000 [7^]. Molec- 
ular weights calculated in this way may not even bear a 
linear relation to true weight average molecular weights. 


fu.sion of linear paraffins at 25° C. approaches a value of about 56-5 
calories per gram.’^ This figure refers to the crystal form stable at 
low temperatures, which corresponds in structure to the crystalline regions 
in polythene. If an entirely crystalline polythene could be made, the 
difference in heat content between the crystals and the liquid would thus 
be about 56*5 calories per gram at 25'^ C. If therefore we assume that the 

heat content of the amor- 



Fig. 3. — Change of crystallinity with 
temperature. 


phous regions of polythene 
is equal to that which liquid 
polythene would have if it 
could be cooled to the same 
temperature, the degree of 
crystallinity of the poly- 
thene is given by 

Fraction in crystalline state 
— t ATb) t 
5^*5 

A/^^gol — AjFI ni 
or . 

The change, with tem- 
perature, of the degree of 
crystallinity of the sample 
of Table I is shown in Fig. 3. 
Here again the values must 


not be regarded as absolute, 
owing to the assumption made about the heat content of the amorphous 
regions, and because no account has been taken of the change with tem- 
perature in the heat of fusion of entirely crystalline paraffins. 


Order -Disorder Transitions in Polythene. 

Ubbelohde has shown that the melting of pure paraffins such as 
octadecane is to be regarded a.s an order-disorder transition extending ten 
degrees or more either side of the temperature normally regarded a.s the 

’Parks and Huifmann, Ind. Eng. Chem., 1931, 23, 1138. 
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melting point. This phenomenon shows iteelf in abnormally high specific 
heats in the region of the melting point. Increase in heat capacity below 
the melting point has been attributed “ to changes within the crystal 
lattice, while high specific heats above the melting point are regarded as 
confirmation of the theory that hydrocarbon molecules are to some extent 
associated in parallel groups even aboVe the melting point, extra heat 
being required to cause a more random structure. Both of these effects 
are probably present in polythene. It has ^already been noted that the 
specific heat of liquid polythene just above the melting point is unexpectedly 
high, and electron di faction work on polythene ® has shown the mainten- 
ance of some degree of orientation or alignment of molecules above the 
melting point. 

'Although some change in the crystal lattice may play some part in 
causing the rise in specific heat of polythene in the temperature range 
20-115'' C. it is probable that the main effect is the decrease in proportion 
of the crystalline material, rather than a change in the pro])erties of the 
crystallites themselves. As the temperature is raised the crystanite.s dis- 
perse ; they may perhaps be regarded as dissolving in the surrounding 
amorphous regions. It is most improbable that the crystallitc.s would all 
be of the same size, and the smallest will probably disappear first. Melting 
of the individual cryvstallites may be preceded by some change in tlie lattict^ 
such as rotation of the molecules. 

On cooling from the melt, the reverse changes occur, but a.s noted above, 
there may be a hysteresis effect. The liquid consists of a mixture of curled 
chains of length up to at least 2000 carbon atoms for the samples examined 
in the course of this work. Although the general armngement is I'andoin 
there will be regions in which two or more chains are apiiroxiiriatcly 
parallel for portions of their length. On cooling, a state is readied when 
the van der Waals' forces between the chains outweigh the thermal agita- 
tion, and crystallization over portions of the chains can occur. 'I'he shortest 
chains and any molecules or portions of long molecules which do not fit 
readily into the normal paraffin crystal structure, and which therefore 
pass from one crystallite to another (tie molecules) or project from the 
crystallites, form the amorphous regions. As the temperature decreases 
greater lengths of the chains take their places in crystalline regions aiul the 
amorphous content decreases. The ease of movement to cciiiiUbripm 
positions will decrease as temperature decreases, and a state akin to that 
of a glass will be reached in which the structure is apparently stat)1e and 
almost independent of tempex'ature, but is not in true thermodynamic 
equilibrium. If cooling occurs rapidly the molecules have even le.ss chaiux^ 
of attaining equilibrium positions, and- the well known phenomenon of 
shock cooling or quenching, leading to a more ainarphou.s ])rt)(lu(‘l' is 
observed. 

Although shock cooling polythene from the melting i)oint leads to a 
solid form containing a higher proportion of amoiqihouH material, it lias 
not yet been possible to make, by shock cooling or any other moans, a 
sample of polythene in a completely amorphous state at room temperature, 
as has been reported in the case of '' Saran Polythene clearly crystallize.^ 
very readily ; this may be connected with the simplicity of the hydrocarbon 
chain. The size of the repeating unit (— CHg — ) is so small that tlie chanot^ 
of adjacent molecules being in a favourable position for cry.staUizatiou is 
high. In the case of polyvinylidene chloride, nylon or rubbei', it is not 
sufficient that the chains should be parallel. Before crystallization can 
occur the molecules must adjust their positions so that the chlorine atoms, 
amide groups or methyl groups are in the appropriate positions. This may 
involve movements of relatively large portions of chains past one another. 

In the calculation of degree of crystallinity from the heat capacity 
results, it has been assumed that the heat content of the amorphous tcgioiis 

• ® Charlesby, Trans. Faraday Soc,, 1942, 38, 320. 
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is equal to that of the supercooled liquid- This will only be true if the 
portions of the molecules in the amorphous regions can take up unstrained 
equilibrium conditions at all temperatures. Since the amorphous regions 
are made up partly of molecules extending from one crystallite to another 
it is difficult to see how these can take up entirely unstrained positions. 
As more and more of the units of the chains move into crystal structures 
on reducing the temperature, the strain on the remainder will increase, 
and the heat content of the amorphous regions may be greater than that 
of an unstrained liquid. The values for the degree of crystalliuity in Fig. 3 
would in this case be somewhat low. 

The change with temperature in the degree of crystallinity shown by 
the heat capacity results is similar to that shown by specitic volume- 
temperature curves (2), but the absolute values of crystallinity are ap- 
preciably higher {75 % compared with 55 % for a polythene of molecular 
weight about 16000).*“ These estimates are both based on extrapolated 
figures, one for the heat capacity and the other for the density of the 
amorphous regions of the polythene at temperatures below the melting 
point. If instead of using published data for the vSpecific heat of long 
chain liquid paraffins we use a linear extrapolation of the observed heat 
content of liquid polythene, we obtain a vsomewhat lower value {65 %) 
for the degree of crystallinity at 20° C. We consider, however, that since 
the rather high value for the specific heat of polythene just above its 
melting point, like that of other linear paraffins, ^ may be due to some form 
of order, or structure, the use of published data on the specific heat of 
liquid paraffins well removed from their melting points is more satisfactory. 
A further source of uncertainty is the degree of strain of the tie molecules 
in the amorphous regions, which as noted above, must effect the heat 
content. 

Although the gradual natiu'e of the transition from crystalline to 
amorphous regions in a polymer leads to a certain vagueness in the meaning 
of any figure for the degree of crystallinity, one probable cause of the 
discrepancy between the values obtained from density and heat content 
data on similar polythenes has already been suggested. It is pointed out 
in the previous paper ^ that values of crystallinity calculated from volume- 
temperature relationships by using an extrapolation of the liquid line are 
likely to be too low, since amorphous material in the solid is not free to 
adopt as low a specific volume as the free liquid. If we calculate, the 
density of the amorphous regions in a typical polythene of overall density 
0*925, assuming a crystal content of 75 % (based on heat capacity data), 
and using a figure of 1*00 for the density of the crystalline regions, « we 
obtain a value of about 0*76, less than the density of liquid polythene at 
the melting point. Such a low density of the amorphous regions, if con- 
firmed, would be of importance in connectioir with the absorption of liquids 
by polythene and diffusion through polythene. 

Summary. 

The heat capacity of a sample of polythene over the range 20-165® C., 
and the heats of solution of samples in xylene at 78-95° C. have been 
measured. The specific heat of solid polythene at 20° C. is about 0*55, 
and is greater than the specific heat of entirely crystalline short chain 
paraffins. As the temperature is raised the specific heat increases, reach- 
ing a value of about 1*0 at go° C. and 2*0 at 110° C. These results indicate 
a disordering of the structure of the solid beginning below 50° C. and be- 
coming increasingly marked as the temperature is raised, culminating in 

* The third method of estimating degree of crystallinity (3), based on estima- 
tion of X-ray intensities, gives values of about 70-75 % for similar polythenes, 
but as with the other methods, too much reliance must not be placed on the 
absolute values. 

^ Bunn, Froc. Foy. Soc, A ,, 1942, l8o, 80. 
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a relatively sharp change to a liquid structure at about 1 15® C. The changes 
are similar to those shown by density measurements and are believed to be 
due to a decrease in the proportion of the long molecules which pass through 
crystallites. 

The difference between the heat capacity of solid polythene and the 
extrapolated heat capacity of liquid polythene at the same temperature 
(the heat of fusion), is 43-4 calories per gram at 20*^ C., decreasing to 28*7 
at C. and 9-6 at 110° C. Values for the heat of vsolution in xylene are 
similar to the heat of fusion at the same temperature. A comparison with 
the heat of fusion of entirely crystalline parahins indicates that at room 
temperature the polythene sample whose heat capacity was meastircd was 
approximately 75 % crystalline. 

Lack of complete reversibility of heat capacity measurement show.s that 
thermodynamic equilibrium between crystalline and amorphous regions 
is not attained instantaneously. 

The authors wish to acknowledge the assistance of Mr. J. L. Mattliews 
and Mr. C, G, S<?ott. 
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THE KINETICS OF THE ELECTRODEPOSITION 
OF THE AZIDE ION 

By H. P. Stout. 

Received loth July, 1944. 

The kinetics of the electrodeposition of hydrogen and oxygen from 
aqueous solution have been studied exhaustively^ and a number of theories 
as to the precise nature of the reaction have been put forward. These 
reactions are peculiar in that in each case the products are constituents 
of the solvent, and in addition complications arise owing to the fact that 
hydrogen and hydroxyl ions are hydrated in aqueous solution, dlie 
electrodeposition of a substance which is not a constituent of the solvent, 
and the ions of which are not hydrated in .solution, might, therefore, be 
expected to follow a different course from the deposition of hydrogen and 
oxygen. According to the theory of ionic solution put forward by BornaJ 
and Fowler, 1 univalent ions of racliu.s greater than ,t‘6 A. are to l)e regardetl 
as unhyclrated in aqueous solution, in the sense that they do not r,an;y 
along a co-ordinated shell of water molecules. The azide ion comes in 
this category, and although it has been shown that the clcctrodepositimi 
of the ion is an irreversible process, 2, » no detailed investigation of the 
kinetics of the reaction appear to have been made. The following .s<,‘rie.s 
of experiments were therefore carried out in an attempt to elucidate I'ui'tluir 
the nature of the deposition proces.s. 

Nature of the Electrode Reaction. — On electrolysis of an aciueous 
solution of sodium azide using a platinum anode, nitrogen i.s evolved in 
amount corresponding to the reaction * 

N3- = 3/2 + e- 

At an aluminium electrode, however, only two-thirds of the theoretical 
amount of nitrogen is evolved, the remaining one-third appearing in, the 

^ Bernal and Fowler, J, Chem. Physics, 1933, I, 515. 

“ Blokker, Rec. Trav. Chim., 1937, 56, 5Z. 

® Reisenfeld and Muller, Z. EUhtrbchem., 1935, ^7* 

^ Briner and Winkler, J. Chemie Physique, 1922, 20, 214, 
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form of ammonia. This is presumably due to the reduction of the azide 
ion by nascent hydrogen formed by solution of the anode in the electrolyte, 
which gives a slightly all^aline reaction, thus 

N 3 “ 3H - Na + IM'Hn 4 - e- 

In the presence of platimlm black, sodium azide is hydrolysed to am- 
monia and nitrogen, the rate of hydrolysis being greatly increased if the 
platinum surface is saturated with hydrogen.® Both these reactions are 
catalysed by the metal surface, and as only one atom of nitrogen is liber- 
ated as ammonia, it seems likely that one nitrogen atom in the ion behaves 
differently from the other two, and that the ion decomposes thus 

ISTg”" = !Ng -f~ ]S[ -f* 

the nitrogen atom being adsorbed on the metal surface. Hydrogen on 
the surface would then react with the adsorbed atom to form ammonia. 
The rate of reaction would, of course, be controlled by the rate of removal 
of adsorbed nitrogen atoms. This is in accord with the fact that hydrogen 
catalyses the exchange reaction between the two isotopic nitrogens, 
and on an iron surface, ammonia, or at least an imido bond, being 
formed as an intermediate product. ® 

Structure of the Azide Ion. — The structure of the azide ion is not 
known with certainty, but the evidence from infra-red and Raman spectra 
of the ion, in solution points to a linear and symmetrical an-angement of 
the atoms, with an internuclear distance ^ of 1-12 a. This is in good 
agreement with the internuclear distance of 1-15 a. calculated on the 
basis of equal resonance between the three structures ® 

N = N = N, N ~ N = N, and N - N - N. 

Free Energy of Formation of Ng” aq. — The free energy of formation 
of the azide ion, in solution is the free energy change in the reaction 

1/2 Hj + 3/2 ISTj + aq, = N,- aq. + H+ aq. , . (i) 

A search of the literature has failed to reveal sufficient data for the exact 
calculation of AF®, but an approximate value may be estimated from the 
free energy changes in the following reactions ; — 

1/2 Hg + 3/^ Ng =: HNa (gas). AF" - 78-5 K.cal.» . {2) 

HN3 (gas) + aq. = HN^ aq. ... (3) 

The heat of formation of hydrazoic acid gas is 71*9 K.cal.® and of aqueous 
hydrazoic acid 54*6 K.cal.,^^* which gives AH® for x*eaction (3) as — 17-3 
K.cal. The corresponding entropy change AS® may be estimated roughly 
by comparison with the AS® for the solution of nitrous oxide 

NgOgas -1- aq. = NgOaq. AF® == 2*27 K.cal. AH® -- 6*25 K.cal. (4) 

The AS® of this reaction is therefore — 28*3 cal. per degree. As nitrous 
oxide has a linear structure corresponding to resonance between 

+ _i- 

IST = N “ O and N ^ N O, and as hydrazoic acid gas contains the 

H- 

linear group ■— NNN corresponding to resonance ® between ■— N =■• N N 
-f- 

and — N— -NsN, the entropy change on solution would be expected to 

® See Audrieth, Chem. Rev., 1934, ^ 5 j 
® Joris and Taylor, J. Chem. Physics, 1939, 7, 893. 

’ Sutherland and Penney, Pvoc. Roy. Soc., A, 1936, 156, 678. 

® Pauling, " The Nature of the Chemical Bond,” 1940, p. 199. 

® Eyster and Gillette, /. Chem. Physics, 1940, 8, 369. 

Bichowsky and Rossini, “Thermochemistry of Chemical Substances,” 1936. 
Int. Crit. Tables, 1930, 7, 241. 

Bailey and Cassie, Physical Rev., 1932, 39, 534. 
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be of the same order in each case, and so the entropy of solution of HNg 
gas may be taken as about —30 cab per degree. The free energy change 
on solution of HN3 gas will therefore be about — 8*4 K.cal, for gas at 
one atmosphere pressure and unit activity of acid. - 

HNsaq. 4- Ng-aq. . . . (5) 

The dissociation constant of hydrai^oic acid is 2*8 X 10 and so the 
free energy change for reaction (5) is 6'2 K.cal. The free energy change 
in reaction (i) is equal to the sum of the free energy changes in reactions 
(2), (3) and (5) and is therefore 76*3 K.cal. and this is the free energy of 
formation of the azide ion. It will be noted that the error introduced in 
estimating the entropy of solution of HN3 is not of great importance as 
the contribution of reaction (3) amounts to only ii % of the whole. It 
will also be seen that the free energy of formation of HN3 aq. is 70* i K.cal. 
which is rather greater than the value of 65-3 K.cal. given by Latimer, 
but as the latter is based on an entropy of 48 cal. per degree for HN^ 
estimated by comparison with a value of 50 cal. per degree for HNOa, 
it is probably less accurate than the former estimate. 

The Reversible Potential of the Ng” — Ng Electrode. — ^'Ihe reversible 
potential of the normal azide-nitrogen system measured against a normal 
hydrogen electi^ode is the E.M.F. of the cell 

N3 I Nr aq. 11 H'^aq. | H., 

for unit activity of both ions and at one atmosphere pres.sure. As tlic 
free energy change in the reaction is 76*3 K.cal., the K.M.F. of the cell 
is 3*3 volts, hydrogen being positive, and so the reversible potential of 
the normal azide-nitrogen electrode is — 3\3 volts against the normal 
hydrogen electrode. 

Entropy of Ng- Ion. — For the reaction 

1/2 Hg -f- 3/2 Ng -f aq. == aq. 4- Ng- aq. 

is 58*4 K.cal. i-o, AF® is 76-3 K.cal,, and so AS” Go cal. per 
degree. Taking absolute entrop^^ of Hg as 297, of Ng as 45»9, and of 
as —4*6, all in cal. per degree, it follows that .the absolute entropy of 
Ng- aq. must be approximately 28 cal. per degree. 

Entropy of Ng- (gas), — It is interesting to compare thi.s value for the 
entropy of the azide ion in solution with the entropy calculated for a 
hypothetical gaseous ion Ng~. Taking the ion as linear and symmetrica] 
with the N — N distance 1*15 a., the moment of inertia i.s 4-56 x 
g, cm.“, and the rotational entropy given by 

Siaj -j j^'Tr^‘Xh '1. I 
t- 

becomes 5 rot = 12*2 cal. per degree per g. mol. at 298“^ K, The tratiS“ 
lational entropy Is given by 

' Strax.« ,,, UT , 5 

m ■" ■ p 2 

~ 32*6 cal. per degree per g. mol. at 298“ K. The fre(picucies 
of vibration of the gaseous ion are unknown, but taking them equal to 
those in soliitionF namely, ™ ^350, vg 630, and vg 2080, the entropv 
of vibration give^ by ' 

^ = I 

becomes Svi^ = 0*32 cal. per degree per g. mol. at 298“^ K. 

Quintin, Comp, re'nd., 1940, aio, 625, 

Latimer, " Oxidation States of the Elements," 1940, p. 83, 

Eastman, Chem. Rt'i),, 1936, 18, 257. 

Latimer, iUd,, 1936, 18, 349, 
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The total entropy of the gaseous ion is thus 45*1 cal. per degree per 
g. mol., and comparing this with the value of 28 cal. per degree per g. mol. 
for the aqueous ion, it appears that the hypothetical entropy of vsoliition 
of the Na“ ion is about —17 cal. per degree per g, mol. 

Experiraental. 

The electrolytic cell used is shown diagrammatically in Fig., i. It 
was made of soda glass and consisted of an anode compartment A, and a 
■cathode compartment C, separated by an ungreased tap Tg. When closed, 
the latter effectively prevented diffusion of hydrogen from cathode to 
anode without seriously obstructing the current flow. A capillary tube 
B, carrying an ungreased tap Ti, was sealed through the wall of the anode 
compartment and the end drawn out to a fine tip. The other end dipped 
into a beaker containing a saturated solution of potassium chloride, and 
this was connected by a salt bridge to a saturated calomel half cell. The 
anode, a piece of platinum, palladium, or iridium foil, was welded to a 
wire of the same metal, which in turn was welded to a length of platinum 
wire. This was sealed into a glass 
tube, D, which fitted into a ground 
glass joint, J, at the top of the anode 
compartment, the length of wire being * 
such that the foil was about i mm. from 
the tip of the capillary tube. The cath- 
ode compartment was open to the at- 
mosphere and had a length of platinum 
wire sealed into it as the electrode. To 
•fill the cell, electrolyte was blown in from 
a flask through the tube, E, by nitrogen 
under pressure from a cylinder, all the 
taps except T4 being open. After filling 
the anode and cathode compartments 
and the capillary tube B, which required 
about 15 c.c. of solution, all taps were 
closed and the nitrogen supply connected 
directly to the tube E. On opening 
the solution could be stirred by blowing 
through it a stream of gas, and by open- 
ing Tg and T4 a stream of nitrogen could 
be passed through the gas space in the 
anode compartment. The electrodes 
were prepared by cleaning in strong 
nitric acid, followed by heating to a high temperature. Before use the 
cell was cleaned with chromic acid and washed with distilled water. 

Solutions of sodium and ammonium azides were used as electrolytes. 
Commercial sodium azide was purified by dissolving in distilled water and 
precipitating with alcohol, the precipitate being dried and finally recrystal- 
lised from distilled water. Ammonium azide was prepared from barium 
azide solution by double decomposition with excess of ammonium sulphate. 
After filtering off the precipitated barium siilphate, the filtrate was treated 
with alcohol, when ammonium azide was pi'ecipitated. The precipitate 
was then dried in a desiccator under reduced pressure. 

The water used in making up the solutions was distilled twice, the 
final product having a conductivity of between 10 and 10 reciprocal 
ohms per c.c. Before use the solutions were saturated with nitrogen, 
purified -from oxygen by passing over heated copper. 

The electrical circuit was similar to that used by Bowden and Rideal.^’ 
Potentials were measured on a Cambridge potentiometer used in con- 
junction with a Compton electrometer as a null instrument. The current, 

Bowden and Rideal, Pror. Roy. Soc., A, ige8, 120, 59. 
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supplied by a high tension battery and controlled by a series of grid leak 
resistances, was determined from the potential drop across a standard 
resistance in series with the celL 

pH of Azide Solutions.— Owing to the catalytic decomposition of an 
azide solution by platinised platinum, a reversible hydrogen electrode 
cannot be used for measuring the pn of such a solution, and a glass elec- 
trode filled with Normal hydrochloric acid vSaturated with quinhydrone 
was used in its stead. Calibration was carried out against a hydrogen 
electrode in a vSeries of buffer solutions. In this way the pn of n/io sodium 
azide was found to be 9*4, and of n/io ammonium azide 7-2, bf)th of which 
are of the order expected in view of the fact that hydrazoic acid is a, weak 
acid with a dissociation constant of 2*8 x 

Results. 

Electrolysis of sodium azide solutions at — 

(a) Platinum anodes. — n/io solutions of sodium azide were electroly.se<l 
at room temperature over a range of current densities, and the potential 
of the platinum anode measured against a saturated calomel cell. The 
relation between potential and the logarithm of the current density was 
found to be linear over the range from lo-’ to lo-^ ainp. per apparent 
sq. cm., and as the potentials were unalfected by .stirring the solution with 
nitrogen gas, it appears that the electrode reaction is irreversible and, 
exhibits the characteristics of “ activation overpotential." In fog. 2 
is shown a typical F-log i curve, the .slope, h, being 58 millivolts eorre- 

sponding to a value of 0*98 for the factor a / ™ . Actually the 

slope was found to v'ary 
between 57 and 60 milli- 
volts according to the 
particular electrode used, 
and so a may be slightly 
greater than i-o. 'Fhe 
7 -lag i curves were ex- 
tremely reproducible, the 
difference between eon- 
seentive runs on the 
same anode rarely being 
greater than two or three 
millivolts. ( 'onseeiiti ve 
runs on dilferent anodes 
showed variations up to 
about 15 millivolts at 
the same current den 
sity. At currents below 
10“’ amp. per sq. cm. the potential fell steeply to more negative, values, 
probably owing to the presence of oxidisable impurities in the solution, 

(b) Palladium and Iridium Anodes. — A palladium electrode .snl)Htituted 
for the platinum electrode gave a similar 7-log i curve, but in this case tlie 
slope was 54 mv. corresponding to a ~ i-i. At a given potential, however, 
the current density was about 100 times greater than on platinum. With 
an iridium electrode, the slope of the 7 -log i curve was Go mv., eeph valent 
to a value of a rather less than i-o. The current density, however, was 
then only 2 or 3 times as great as on platinum. 7-Iog i curves for these 
metals are shown in Fig. 2. 

Effect of Varying pH.— The electrolysis of solutions of sodium azide 
in aqueous hydrazoic acid has been investigated by Keisenfeld and MuIIcr.^t 
who found no change in the rate of deposition at constant potential over 

Bowden and Agar, Ann, Rep, Chem, Soc., 1938, 35, 90, 
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the pn range of 2 to 6. In order to extend this range to the alkaline 
side of neutrality, a series of solutions of various pn values was made up 
from mixtures of sodium a^ide and sodium hydroxide, and F-log i curves 
determined in the usual way. These curves were then compared with 
the K-log i curves obtained for solutions of sodium hydroxide only, of 
similar pn, the pn value in each case being measured with the glass 
electrode. Between pji 13*7 and 10*4 the two sets of F-log i curv^es, for 
the same platinum electrode, were identical and analysi.s of the evolved 
gases showed these to 
be oxygen in each case. 

The F“log i curve for 
sodium hydroxide of pn 
9 '4, however, was found 
to lie above the cor- 
responding curve for 
n/io sodium azide solu- 
tion which also has a pn 
of 9*4, ix, the current 
at a given potential is 
greater for the latter 
solution than the former. 

In the case of the azide 
solution the gas evolved 
is, of course, nitrogen 
and not oxygen. Am- 
monium azide solution 



f strength N/io with a jftH oi 7-2, gave a F-Iog i carve practically iden- 
tical with that for N/io sodium azide. In Fig. 3 is given a series of 
V-log i curves covering the range 9-4 to 13-7, all the curves lieing ob- 
tamed with the same platinum anode. ^ 

It appears fi'om the foregoing that, at a given potential, the rate of 
deposition of the azide ion from solutions tenth normal with respect to 
this ion, IS independent of pn between 7*2 and 9*4 and this taken in 
conjunction with Reisenfeld and Muller's work, indicates that the rate 



Fig. 4, 


of deposition is indepen-* 
dent of pH over the range 
2 to 9*4. For greater 
than about 10, in solu- 
tions tenth normal with 
respect to the azide ion, 
the rate of deposition of 
oxygen is greater than 
that of the azide ion at 
the same electrode po- 
tential, and coiiseijiieniily 
oxygen and not: nit;j'ogen 
is evolved at the anode. 

ElTect of Varying 
Azide Ion Concentra- 
tion* A series of K-log i 

curves for sodium azide 


, j / . . solutions fU. strength n, 

N/io, and n/ioo, was obtained using the same jdatinuni anode in each 
case. Typical curves are shown in Fig. 4, from which it will l)e seen that 
at a given potential a tenfold increase in azide ion concentration causes 
a tenfold increase, approximately, in the rate of deposition. 

. 4, Temperature on cc. — A series of F-log ?, curves was determined 

at two different temperatures in order to observe tlie effect of this viiriable 
on azide deposition The cell was placed in an air thermostat main- 
tained at either 25 C. or 47^" C. the actual temperature of the electrode 
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being measured by means of a copper-constantan thermocouple. Cue 
junction ^vas enclosed in the thin-walled tube carrying the electrode, the 
tube being filled with toluene to ensure good thermal contact. The cold 
junction was in ice, and the temperature was obtained from readings of 
a milli voltmeter in series with the thermocouple. It was found that raising 
the temperature decreased the electrode potential, the current being held 
constant, but the slope of the TAlog i curve appeared to be unchanged. 
Two representative curves for 25*^ C. and 47“ C. are shown in Fig. 5. 
Alternate heating and cooling had no appreciable effect on the reproduci- 
bility of the curves. 

The fact that the slope is the same at both temperatures indicates that 
oc increases with temperature, for otherwise the slope would he expected 

( ,9 * ^ jR \ 

I) — — j . As the change in a is only of the order r>f a 

few per cent, for a 20® C. rise in temperature, it is necessary to test whether 

it is really significant in 
the statistical sense, or 
whether it may be as- 
cribed to experimental 
error. This may l^e done 
by calculating the re- 
gression co<)fficieiits for 
the lines of regression of 

log i on electrode 

potential at tire two* 
temperatures, and then 
applying Fisher's 
test for the significance 
of the difference of the 
two coefficients.^^ The 
regi-ession coefficients 
are equal to the value 



of o£ at each temperature, and putting 

2*3 RT . 

log I = 


9 , gives 


a - ~ 

® “ S{V - K)“ 

where 1 and V are the mean values of 0 and V. 

The variance, s,/, of the regression coefficient is estitnated from the 
equation 

.^2 . - VY -- s{0rj. - - yy 

where (n 4- 2 ) is the number of paii's of observations, and the variaiUHi *>f 
the difference between the regression coefficients at the two t(uuj>eratureH 
is then given 'py 


52, 


Tl» ^2 • 


Wj «.j 


.MVi-Viy 

The required value oi '' t” may then be calculated from 




t 




Fisher, " Statistical Methods for Kesearch Workers/' yth edii., p. 146. 
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and the probability of this being exceeded purely by chance for two .sets 
of observations differing only through sampling errors may be obtained 
from, tables. The number of degrees of freedom with which the tables 
are to be entered is simply (% + 5 ;^ Table I are given the details oi. 

the calculation of the regression coefficients for temperatures of 
and 47° C, and for two different platinum electrodes, luir tht‘ fir.si 
electrode with 34 degrees of freedom the value of t is and for tlu^ 
second electrode with 62 degrees of freedom, t 3'r2. Referring to the 
tables of “ ”, the i % level of significance for 34 degrees of freedom is 
found to be about 275, and for 62 degrees of freedom nliont 2*6. The 
actual values of t ” obtained tinis represent a higher signilicance level 
than I %, and consequently the increa.se in a witli temperature iiuist l>e 
regarded as a definite ” effect.” Taking the mean change in a for Iioth 
electrodes, it appears that a rise in temperature from 25*’ C. to 47'-' 
produces an increase in a of about 8 %, givingan estimate .for d<xjdT over 
this range of 4 X “lo^ degrees 


TABLE I. — Variation of Regression CoErrrem nt of 2-3 . . log i on roTKNTiAr, wtite 

Temx’erature. 


Temp. “C. 

lilectrode i. | 

j ineetrode 2 , 

47 - 

35 

47 

25 

Mean pot. agst. cal. 

V inv. 

773-3 

8o8*7 

753*7 

1 795*2 

Mean 

= 0 JJ, 

1-68J 

1*094 

1*658 

1*688 

^■(V -ya 

35'67 X io”» 

34-26 M I 0 “® 

66-83 X IQ-® 

90-90 X ro 

2'(0t ~ \2 

3^*34 X io“» 

28*98 X 

74'94 X 10' a 

93-32 X ro ■> 

- V)(er - Go?) 

36-48 X 10“^ 

31-48 X io‘-’‘‘ 

70-69 X 10'^ 

9 1*3 7 X ry '’‘ 

Regression coeff. 

1-023 

o-yi(> 

1*058 

1-005 

i’(V-V)2 

No. of pairs of oU- 
servations 

18 

iH 

24 

40 

nmv-^vn . 

0‘I0 X 10“^ 

0*06 A 10“'* 

0*16 X 10-^ 

0*53 X 10 ■* 


0*370 X lO""® 

o- 2 tSf) X 10 3 

^Ti - «Ta 

^ I'a 

6*13 

.i-i.; 

No. of degrees of 
freedom 

34 

63 

Value ofi!forP-i7o 

i ^-75 

i 

2*6 approx. 


The Energy of Activation .—The discharge of a, a a/ide ion is a process 
which must occur in several stages, each stage probably re<piiring a certaJo 
energy of activation. The reaction rate as measured by the tuirrcui; demsity 
will, however, be controlled by the slowest Hta,ge, and the energy oi 
activation of the reaction as a whole will 1:)C that corresponding to this 

Fi.slier, '* Statistical Methods,” p. 177, 
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slowest stage. If at temperature T° K. and potential V volts, the energy 
of activation is Hy cal. per g. moh, then assuming a Maxwellian dis- 
tribution of energy amongst the reactants it follows that the current density 
is given by 

= k . e-»v/«2’ 

wliere k is a constant for the particular reaction concerned. 

Assuming the energy of activation is a function of the electrode potential 
and that increavSing the potential by AV volts decreases the energy of 
activation by a.j:AE . F, where ocrj. us a constant at constant temperatnre,, 
then 


and therefore 

rc>(in •/)’’| a,j;F 

L 3F Jt "rt 


The energy of activation is given by 
r ^Qn i) -! 

L yr Jv ' 


Hv 

R'jy 


and the temperature coefficient of 


clT 


potential by the quantity ^nid as 



r5(ln i)-i 


L“ir + 

L W'X 

[dTj 


at constant i, 


- - %Fr(g:) . 



Thus the calculation of the energy of activation requires a knowledge of 
the value of and the temperature coefficient of potential at constant 
current. 

Temperature Coefficient of Potential. — temperature coefficient 
of potential at constant current was determined from, the change in 

potential of the 
electi^ode on alter- 
nate lu‘aiitig a,nd 
fiooling of tlu^ cell. 
Heating was car- 
ried out in an 
air thcnuostai, tuul 

cooling (dleetcd liy 
])Jacirig a jafdcrt. of 
ice round tlu* (sdl. 
'■I'empera.iun^s were 
mea, surcd by 
means of the tlier- 
nKJcouplc ju'cvi- 
ously described. 
T h e c ell was 
heated rapidly 
over a range of 
15^ C., then cooled to room temperature and reheated, the wliole procc^.ss 
being repeated several times until the potential at a given teniperfiture 
became approximately constant. The potentials and temperatures were 
read at two-minute intervals, and plotted on temperature vs, time and 
potential vs. time graphs as shown in Fig. 6. The peak potentials cor- 
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respond to the peak temperatures> and comparison of the times at which 
these were attained shows that there was no appreciable lag between 
the actual electrode temperatures and the thermocouple temperatures. 
From the graphs the potentials at C. and 30^ C. were read off for 
each heating and cooling, and the mean potential change for this tem- 
perature interval calculated, from which the temperature coefficient of 
potential was obtaiiiecL The value of the latter is, of course, dependent 
on the current density at which the measurements are carried out, and 
in Table II are given the values of dV/clT for three different platinum 
electrodes in n/io azide solution, together with an estimate of the 
variance. 

TABLE 11. — ^I’KMPERATURE COEFFICIENT OF POTENTIAL FOR PLATINUM ElECTROUES IN V/tO SoiilUM 

Azide Solution. 


Elerirode 

Current density 
amps./sq. cm. 

Degrees of 
freedom. 

Mean value 
oidVjdT. 
mv. per 

Sum of squares 
of deviations 
from the moan. 

I 

2-5 X XO“« 

12 

— 176 

1644 

2 

2*0 X IO“^ 

7 

-i<)9 

no 

3 

2-0 X lO"** 

10 

-^184 

350 


Mean value of dVfdT — — 185 mv. per °C, 

Mean variance from degrees of freedom = 73 (mv. per 

The mean value of a for these electrodes was found to be 0*95, and so 
taking the mean temperature as 25° C., and the mean dV /dT as — 185 
mv. per degi*ee, the energy of activation is 12*0 K.cal. per g. inoL at a 
potential of 0*81 volt against saturated calomel. 

The Steric Factor. — ^The steric factor for the reaction may be evaluated 
by substituting in the equation 

where F is the Faraday, n the number of g. ions per c.c., M the ionic wt,, 
and p the steric factor. The mean value of p calculated in this way for 
the three electrodes of Table II is 0-14, referring to platinum in n/io 
solution at a potential of 0*81 volt against saturated calomel. This ii^ 
of the same order as for hydrogen deposition at a cathode, where p varie.s 
from about r on .some platinum electrodes down to 10 on mercury. 

Discussion. 

The salient points emerging from the foregoing are that the anodic 
deposition of the azide ion is a reaction showing the characteristics of 
activation overpotential, giving a linear F-log i curve with a approxi- 
mately equal to unity. The reaction occurs at measurable rates only at 
the extremely high overpotential of ca. 4 volts, the reversible potential 
in N solution being — 3-3 volts against saturated calomel. IncreavSe in 
temperature causes a small but significant increase in a, and the rate of 
reaction varies with different electrode metals and with varying con- 
centrations of azide ion. 

The kinetics of the reaction are similar in some respects to those for 
the cathodic deposition of hydrogen, for the latter also gives a linear 
F-log i curve and the rate of reaction varies with different electrode metals 
and with varying concentration of hydrogen ion. In other respects the 
two reactions are rather different, for a in the case of hydrogen deposition 
ranges between about 0*25 and 2*0 according to the particular electrode 
and solution used, and there seems no evidence to show that it varies 
with temperature. Moreover hydrogen deposition on platinum takes 
place at an appreciable rate at the reversible potential. 



74 ELECTRODEPOSITION OF THE AZIDE ION 

The overall reaction for hydrogen deposition is 

HaO^- 4- 0- - H^O -f 1/2 

l.>nt this will take place in stages, the slowest of which will detenninc 
the rate of reaction. Similaidy, for the deposition of the azide ion the 
cjverall reaction may be regarded as 

Na- N, -f :r/2N. 4- e- 

considering the ion to be iiiihydrated, although this will again occur in 
stages, the slowest being rate determining. 

IVIany theorie.s have been advanced to describe the slovv ])rocess in tlie 
deposition of hydrogen, bnt these fall broadly into two classes postulating 
(aj the neutralisation of the ion or (b) the formation of the 11 — H bond, 
as the rate determining stepd»* xiie stage (Zj) may talcc place oithei* 
by the direct desorption of two adsorbed atoms, or by the combination 
of an adsorbed atom with a hydrogen ion in solution. Analogously, three 
possible mechanisms for the azide reaction may be postulated : — 

(1) Ng- 4 - Me = Na 4 - N — ^Me slow 

followed by 2N-— Me N.,, 4- Me rapid 

(2) hfa- 4- Me Na 4 - N — ^IMe rapid 

followed by 2N — ^Me = Ng 4~ He slow 

(3) Kr 4 - Me No 4 - N— Me rapid 

followed by 4~ N— Me 2N.2 4" Me slow. 

Process (i) has the neutralisation of the ion as the rate detenuiuiiig 
step, with the desorption of N atoms taking place relatively rax)idly, 
(2) and (3) both postulate the neutralisation, of the ion as occurring ra]n(lly, 
the slow process being the desorption of atoms, which will take place T>y 
the faster of the two alternative methods available. In all tho.se processc^s, 
however, the neutralisation of the ion is considered to result in the forma- 
tion of a nitrogen, molecule and an adsorbed nitrogen atom, instead of three 
adsorbed nitrogen atoms, in accordance with the evidence given prtwi<iasly 
indicating that one nitrogen atom behaves differently from the other two. 

Considering first the neutralisation of the ion a.s the slow jn'oces.s, it 
appears that in general a will be determined by the ratio of the slopes of 
tw^o Morse curves, and as Adam has pointed out cannot exceed unity. 
This process cannot, therefox^e, be rate detennining in the azide case, hut 
must be regarded as occurring rapidly compared wath the desorption of 
atoms. 

Although the neutralisation of the ion may occur rapidly, it is likely 
to ]je a rather irreversible proce.ss, and the reverse x'oactioii at best will 
only take place at a very slow rate, ('onsequently, it i.s proliable that i.lui 
concentration of nitrogen atoms on the electrode surface will approach 
the saturation value, and xmder these conditions the simple desor[)ti(m 
mechanism (2) would be expected to give a very small value ol % much 
kvss than unity. To account for a — i: on this hyi)othesis would rec}uir(? 
a surface only partially saturated wdth nitrogen atoms, the extreme (‘as«^ 
of a very sparsely covered sui'face corresponding to a 2, If tixe surface 
is only partially saturated, however, then presmnably tlie formation of 
ions from adsorbed atoms must proceed at a rate coinparalxlc with the 
neutralisation of ions, and this would seem rather unlikely. 

The alterixative mechanism for desorption, involving comljination of 
an adsorbed atom with an ion, also leads to difficulties over the value of oc. 
The current will be given by 

and if the surface is approaching saturation, [N— Me] -will be ai)}>roxi 

( 

aixVirtz, Z, EUktroch&m,, 1938, 44, 303. 

22 Adam, “ The Physics and Chemistry of Surfaces,’" 2nd edn., chap, B. 
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mately constant. The value of a will presumably depend on the relati\'e 
slopes of the Morse curves for the approach of an Na'" ion to the electrode, 
and for the separation of two nitrogen molecules from the electrode, and 
just as in the case of the ion neutralisation reaction would be expected to 
be less than unity. Should the surface be only partially saturated, then 
the [N — Me] would be expected to increase with potential, and 
i ^,VFIUT 

where the first exponential give.s the change in concentration of adsorbed 
atoms, and the second the change iu activation energy. The observed 
value of a is then (i -j- aj) and should be greater than unity. There 
seems no reason why ai should be extremely small, however, as would have 
to be the case. It appears, therefore, that neither the neutralisation nor 
the desorption mechanisms lead satisfactorily to the experimentally 
observed value of a. 

The temperature variation of a is also difficult to account for although 
a possible explanation may lie in a change in the mobility of the adsorbed 
layer. Roberts has shown that the heat of adsorption for a mobiijie 
layer is less than for an immobile layer, and thus if the mobility of the 
adsorbed layer of nitrogen atoms increases appreciably with temperature, 
the heat of adsorption would be expected to decrease. In this event, the 
slope of the appropriate Morse curve, might be changed, and this would 
lead to a change in the value of a. This situation could, of course, arise 
in any of the above processes, as they all involve the adsorption of atoms. 

It is apparent from the foregoing that the experimental results for the 
deposition of Ng- present difficulties in explanation, and no satisfactory 
theory seems possible at present. Further work would be desirable, 
particularly as regards the adsorption of nitrogen on platinum and other 
metals with which it does not readily form nitrides. 

The work described was carried out in the Laboratory of Physical 
Chemistry, Cambridge; and my thanks are due to Professor Norrish for 
the facilities afforded me. I am also indebted to Dr. J. N. Agar and 
Dr. F. Bowden for much helpful advice and criticism. 

Acknowledgement is due, also, to the Department of Scientific and 
Industrial Research for an Assistantship, and to the Chemical Society 
for grants for apparatus. 

Summary. 

The anodic deposition of the azide ion from aqueous solution at 
platinum, palladium, and iridium, electrodes is an irreversible process 
giving a linear F-log i curve with a apr^u'oximately equal to i. The 
reaction is Ng- 3/2 Ng -h 5", and the reversible potential for unit activity 
of Ng" is estimated to be — 3-3 volts against a normal hydrogen electrode. 
Deposition occurs at measurable rates only at the high overpotential 
of ca. 4 volts. Increase in temperature causes a small but significant 
increase in a, and the energy of activation is about 12 K.cal. per g. mol. 
at a potential of o*8i volt against saturated calomel. The rate of reaction 
at a given potential varies with electrode metal, and with concentration 
of solution, but is independent of pn up to 9*4. At higher ^h's oxygen is 
preferentially evolved. 

The reaction is parallelled to some extent by the cathodic deposition 
of hydrogen, but no theory of the types advanced in the latter case seems 
capable of accounting for the azide deposition satisfactorily. 

Frumkin, Acta Physicochim. U.R.S.S., 1937, 7, 475. 

-^Miller and Roberts, Proc. Camb. Phil. Soc., 1941, 37, 82. 
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As a consequence of the interaction of its four tt electrons, butadiene 
is expected to exist in two forms which may be designated s-cLs (I) and 

s-tvans (II) (Mulliken l iJ). 

CH2 Because of the different 
symmetry of these mole- 
selection rules 

r-u '' "CH CH " electronic transitions 

^ ^ (II) differ. In particular, the 

intra-valence-shell treinsi- 
tion JV Fg is forbidden for s-tvans but allowed for s-ris. In consequence, 
for s 4 rans iV -> Fi should be strong and N -> Fa weak ; while for :<-cis 
the reverse should hold (Mulliken J), 

Since the far ultra-violet absorption spectrum, described liy Price 
and Walsh , 5 shows strong absorption for N -> Fj (around 2,100 a.), l>iitn- 
diene may be taken to be largely s 4 rans at room temperature, Tlowi^vtn’, 
the absorption in the neighbourhood of 1700-1750 a., identified, as N ^ 
though weaker thah that at 2100 a., Ls yet suflicieutly strong to make it 
appear that an appreciable proportion of the butadiene mole<uiles are in 
the s-cis iovm at room temperature. Mulliken ^ estimates 20 %. 

More recently, Rasmussen, Tuniiicliff and Brattain ‘‘ have found tliat 
the 2200-2400 A, absorption is sb'ongly temperature-dependent, 'fhe 
optical density increases with temperature. This suggests an equilibrium 
at room temperature between s-cis and s 4 rans molecules and that the 
proportion of the latter increases with temperature. As a coiisecpience 
of coincidences between the observed Raman frequencies at --.So’ (\ 
and the infi'a-red frequencies at room temperature, they conclude that 
at low temperatures butadiene is entirely s-cis, but ])redominantly 
at room temperature. 

Price and Walsh found two prominent Rydberg series both lending 
to the same limit, 9*02v. This is prevSumably the innizatiou i)i,)tcatial of 
s 4 rans butadiene. Other, weaker, bands were present, but 011 tile hasi.s 
of the spectroscopic observations alone it was not possilile to say wlu.dluu' 
these afforded any indication of an ionization potential for tlic sn-is Ibrnn 
The ionization potentials of butadiene have since been further stmlied by 
one of UvS (T.M.S.), using the electi'on impact method of Mackay.^' 'i 1 ie 
results obtained by the electron impact method are much less accurate 
than those determined by spectroscopic l^ydberg series, but they have 
the great, advantage of indicating clearly the existence t,)f an ionization 
potential : used in conjunction with spectroscopic methods iliey form a 
very powerful tool. The experimental details of the electron impact 
investigations will be published elsewhere : here we wish to refer only to 
the results for butadiene. 

The curve of ion current / accelerating potential, shown in the accom- 
panying figure, exhibits a very peculiar anomaly which has hitherto not 
I been observed for any other substance. Positive ions begin to appear 

^Mulliken, /. Chem. Physics, 1939, 7, 12 1. 

- Mulliken, Rev. Mod, Physics, 1942, 14, 2G5. 

^ Price and Walsh, Proc, Roy. Soc., 1940, 174, 220. 

^ Rasmussen, Tunnicliff and Brattain,, y. Chem. Physics, 1943, 9, 432. 

^ Mackay, Phil. Mag., 1923, 46, 828. 
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and give an increasing current with rising applied potential at a point 
corresponding to an ionization potential of 87 v. obtained by linear extra- 
polation. At rather higher values of the potential difference the ion current 
falls off and shows a minimum before rising again at a value somewhat 
above 9 v. 

The curve suggests the existence of two butadiene ionization potentials 
in the range 8-5 to 9*5 v. The upper (~9*3 v.) doubtless corresponds to 



Accelerating Potential (volts) 


the value found by Price and Walsh : electron impact values are often a 
few tenths of a volt higher than spectroscopic values. The lower ioniza- 
tion potential of v. might plausibly be ascribed to s~cis butadiene : 

its discovery prompted a re-examination of the weak bands of the butadiene 
electronic spectrum. 

It is possible to arrange certain of these weaker bands into the following 
Rydberg series 


^ 70606 - 


The series is plauvsible since there is very good agreement between the 
observed and calculated frequencies (Table I), as many as six members 
being observed, and since 

the intensity decreases regu- TABLE I. — Table Showing the Observed 
larly in the passage to higher and Calculated Frequencies of the 
members. The limit cor- Bands of Series (i). 


responds to 871 v. Taken 
alone, the spectroscopic 
evidence would probably 
justify acceptance of this 
Rydberg series ; in con- 
junction with the electron 
bombardment results, we 
believe it provides strong 
support for the existence 
of an ionization potential 
of the above value. If so, 
87 X V. must be the first 
ionization potential of s-cis 
butadiene. 


n. 

Vo)3a. 

^calc. 

cm.-i-. 

3 

63372 

63391 

4 

Obscured by 1515 
doublet 

66036 

5 

67451 

67454 

6 

68299 

68301 

7 

68850 

68848 

8 

69216 

69221 

^ 1 

69500 

69486 
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The n 3 member of series (i) ,fippears as a doublet. The n 2 
member of the series should fall in the 1700-1750 a. region : that is, it 
is plausible to identify the N — IL transition as the first member of the 
series (vmax. — 57^00, vcaic. "= 5755^0111.-^). This rather supports the 
assignment of the series to ^-cAs butadiene, since the N Fo absorption 
is known to be dne to the s-cis form and since it is a» general rule that an 
N -> V transition of an electron may also be classified as the first member 
of a I'iydbcrg series for that electron. Examples are to be found in the 
spectra of the chlorocthylenes (Walsh of* aldehydes (\\^al.sh •), of hexa- 
triene (Price and . W%lsh ®) and in the various dcrivati\'‘es of acetylene 
(Price and W^alsh®). Similarly it is jirobable that the 2:100 a . region of 
butadiene may be classified not only as the N Vi transition but also 
as the first member of one of the Rydberg series found for s-lmiis liutadiene. 

There remains the difficulty of the minimum in the curve of ion. 
current / accelerating potential. Such a minimum has not previously 
been observed in electron impact work with a large number of substances. 
If the vapour consisted of an equilibrium mixture of s-cis and s-tyans 
isomers a continually increasing current would be expected, though u 
break would occur at about 9-1 v., corresponding with the a|)pearance of 
s-tmns positive ions. It appears that between the two ionization potentials 
either s-c 4 $ positive ions are being removed or are not being formed in tlu^ 
expected number. 

We ai”e inclined tentatively to explain the minimum a,s due to the 
second of these causes. The four 77 electrons of butadiene occupy in pairs 
orbitals xi ^i^d The ionization potentials here discussed refer to tlie 

positive ion Before the ion current curve begins to fall off, pre- 

sumably only a ^2 electron is excited on collision with a boinhardiiig 
electron. Suppose, however, an energj?^ level of the xx electrons lies 
between the s-cis said s~trans xz ionization potentials. Then when this 
energy value is reached, some of the collisions of the s<is' molecules with 
electrons lead not to excitation and ionization of xa electrons, but 
excitation of xi electrons. It is true that excitation of a xi electron may 
still lead to X2 removal, as a result of a process of auto-iouization ; bul 
it also facilitates conversion of s-cis to s-ivans molecules. 'Phe net result 
is therefore that some collisions which previously resulted in xa ionizaiioii 
now result instead in the formation of s-tmns molecules, '.riie excited 
s-trans molecules will not form ions because the minimum s 4 y(ins ioniza- 
tion potential is higher than the energy corresponding to the falling part 
of the curve. The ciuTent therefore falls off. The cL^ V,^ state might 
possibly l:)e available as a suitable energy level :£or this e:xplaiuitimi to hold. 

Discussion, 

It may be significant that the difference (0*3 1: v.) of tlie ii.mization 
potentials found for s-cis and s-tmns l)utadiene i.s just the amount; by 
wMch the ionization potential of cis dichlorocthylcnc (p’di v.) is less thaii 
that of trmis dichloroethylenc (pahr v.). The didilorocthylenes, of course, 
possess I’esonance structures giving the Ixybrid something of a. conjugated 
diene form. 

The results of Rasmussen et alA indicate an. appreci[ible did'erenci^ in 
stability between, and s-trans butadiene. The present worlc shows 
that the ground states of the least strongly bound tt e'lc(.drons in the two 
forms differ by as much as 0-3 v. 

It might be expected in consequence that the N Fi transition of 
the s-cis form might appear at a much longer wavelength than that of 

Walsh, liesuUs in course of publicatian. 

" Walsh, Results in course of pubHcaiitm. 

» Price and Walsh, Results ‘in course of puhlicaiiun, 

® Price and Walsh, Results in eofivse of publication^ 



T. M. SUGDEN AND A. D. WALSH 


79 


the s-tyans form. ThivS is not necessarily so, however, for in the case of 
the dichloroethylenes the tyans ionization potential is 0*3 v. higher than 
that of the cis and yet the tyans N V transition occurs about 0*15 v. 
lovoev than that of the cis (Amax. ™ 1900 and 1950 A. for cis and irans 
respectively). If s-cis butadiene has an N Vi transition falling about 
50 A. away from that of s-tyans, the latter with its greater intensity would 
easily mask the former. Presumably the difference in energy of the 
excited states in cis and Umis forms compensates for the difference in ground 
state. 

It has always been difficult to understand the appearance o£ ab- 
sorption in cyclopentadiene and cyclohexadiene at relatively long wave- 
lengths compared with the open chain dienes. In order to explain it, 
Mulliken invoked the theory of hyperconjugation. According to this, 
weak conjugation could occur between unsaturation electrons and the 
electrons in C — PI bonds. At first the effect was supposed to leave un- 
changed the energy of the ground state but to depress the energy of the 
excited Vi state. Price and Walsh pointed out that this was quite 
inconsistent with the observed spectra of the cyclic dienes : all the 
electronic bands right up to and including the ionization potential suffered 
comparable shifts. The theory was later revised (Mulliken, Rieke and 
Brown ; hyperconjugatioii was no longer supposed to affect the 
upper state, but to raise the ground state. Even in this form, there was 
experimental evidence not in accord with the theory (see, for example, 
Bateman and Koch ^“). 

The problem arose essentially because of the comparison of the cyclic 
dienes with the spectra of (largely) s-tyans butadiene. It is obviously 
more satisfactory to compare the absorption with that of s-cis butadiene. 
Accepting the present results, we then have a lowering of' 8*71 — 8-58 v. 
“ 0*13 V. for the ionization potential of cyclopentadiene relative to s-cis 
butadiene. This is quite within the range we should expect by a simple 
charge transfer effect consequent upon the addition of a CHg group. The 
further lowering v. in passing to cyclohexadiene may be largely 

explicable as due to a further charge transfer from the second CHg group. 
Alternatively, it may in part be due to a widening of the angle between 
the double bonds and the outer single bonds, relative to cyclopentadiene. 
These results suggest that the changes in the ground states of the cyclic 
dienes relative to the s-cis open chain dienes do not require the invocation 
of any such theory as that of hyperconjugation : they are explicable 
simply as charge transfer and strain effects. 

A considerable part of the abnormal red shift of the first absorption 
of cyclic dienes may be explained as due to a ground state shift consequent 
simply upon the s-cis axTangement of the conventional double bonds and 
not due to the nature of attached groups. Bateman and Koch point 
out that the heat of hydrogenation of cyclohexadiene is much the same 
as that of open chain dienes. They therefore criticise any theory, such 
as that of charge transfer, which explains the red shift of cyclohexadiene 
cis due to a change in the ground state. The criticism, however, is not 
valid. It would be valid if we were dealing with molecules containing a 
single pair of unsaturatioii electrons (thus Price and Tutte show the 
correlation that exists between heats of hydrogenation and N -> V fre- 
quencies for the alkyl ethylenes) ; but for conjugated dienes the electrons 
occupy two ground state orbitals an.d whereas the ionization potential 
refers to only one of these orbitals, the heat of hydrogenation depends 
upon the energies of both orbitals. In order to correlate the heats of 
hydrogenation of conjugated dienes with their ionization potentials, we 

Price and Walsh, Pyoc. Roy. Soc., 1941, 179, 201. 

Mulliken, Rieke and Brow^n, J. Amey. CJieni. Soc., 1941, 63, 41. 

Bateman and Koch, J. Chem. Soc., 1944, 600. 

'Price and Tutte, Pyoc. Ray. Soc., 1940, 1 74, 207. 
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need to know the energy levels of each of the two ground state occupied 
orbitals. 

The present results clarify somewhat the facts relating to the abnormal 
red shift of cyclic diene absorption., Two problems remain, however. 
First, why should the cis arrangement of the double bonds cause a red 
shift of the ground states of dienes ? Second, what is the cause of the 
N "•> Vi shift of cyclic dienes relative to s-cis butadiene ? 

As regarcivS the first of these problems, Price and Walsh ■' have already 
pointed out that the lower ionization potential of s-cis dienes relative to 
s4rans may be due either to repiiLsion between the double bonds <»■ tf> 
resonance in the s-ois form to structures involving interaction between 
electrons on the outer carbon atoms — c,g. III. The latter in- 
crease the resonance energy not only directly but als(j in- 
directly by holding the four tt electron distributions in a more 
(III) nearly planar condition. Such a question of planarity may also 
affect the states of the cyclic dienes, where some of the carbon 
atoms of the ring have trigonal valeiiciCwS and some teti'ahedral. 

As regards the second problem, Price and Walsh have wstressed 
that the N -> shifts of cyclic dienes relative to s 4 rans l>utadieu(i are 
not much more than those normally associated with ground state changes 
of the magnitude shown by the ionization potentials. The abnormality 
thus seems to lie more in the N Ej. location for s-cis butadiene than for 
the cyclic dienes. The N ->■ Ex shift seems to be shown by 
all molecules possessing an s-cis diene structure incorporated in / ' 
a six-membered ring. ^2, id Conversely, dienes with an s-trans | 
arrangement do not seem to show this shift. We are in.dcl.>ted [ j, J 

to Dr. Koch for pointing out that molecules of the type (IV) 
which have an s-tmns arrangement in a cyclic structure, yet have (P^) 
a " normal absorption spectrum. The abnormality of 
butadiene must be explained as due to a peculiarity of the Ex upper state, 
possibly consequent upon the open-chain nature of the molecule. 

The authors desire gratefully to acknowledge their iuclei)te(Iness to 
Dr. W. C. Price for his encouragement and help througliout the work 
that has led to the publication of this paper ; and also to Dr. H. P. Koch 
who has given them many constructive criticisms of great value. 

Summary* 

Evidence based upon the vacuum ultra-violet spectrum and (‘lectron 
impact detenninations of ionization potentials is pre.sented tt> show tliat 
butadiene exists in two forims, s-cis and s4ram y iii room tcmjxu-a.tiiro. 
The s-cis form has a minimum ionization potential of H-yi v, a.s againsi 
9*02 V. for the tmns isomer. This fact makes it po.ssible to ttxplain the 
low ionization potentials of cyclopcntadiene and cyclolK^xadiene willioul; 
recourse to the theory of hyperoonjugatioa. 

Physical Chemistry Labonitory, 

Cambridge, 

Booker, Evans and Gillam, /. Chem. Soc., m<|o, 14,53. 
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When raw rubber and many rubber-like materials are calendered an 
anisotropy is produced. This effect— the Calender effect— is well 
and is due to some sort of “ freezing in of the strains produced S 
calendering The presence of these strains and the stresses to which they 
aive rise clu he shown by the anisotropy in mechanical properties and 
more strikingly by the effects of warming. The behaviour 
the calender effect may be conveniently summarised under two heading . 

( 1 ) Residual Strain.— If 
a sheet of calendered ma- 
terial (exhibiting the calen- 
der effect) is warmed it will 
contract, if free to do so, in 
the direction of calendering 
and expand in the reniaiii- 
iiig two directions. .this 
may be said to be due to 
the presence of residual 
strains in the calendered 
sheet. The so-cahed resid- 
ual strain is positive {i.e. a . 
tensile .strain) in the direc- 
tion of calendering and 
negative (i.e. a compressive 
strain) in the remaining two 
directions. The presence of 
these strains may also be 
shown by the smaller per- 
centage elongation at break 
in the direction of calen- 
dering than in a direction 
perpendicular thereto. 

(2) Residual Stress.— 

If the calendered sheet is 
held so that it is not iveo 
to contract in the direction 
of calendering, when warmed 
a tension will be set up in 
this direction and an exter- 
nal stress will have to be 
exerted to prevent the con- 
traction of the sheet. This 
may be said to be due to the 

.cciw »icl..l Stros^. «ill be in 

directions as the corresponding residual strains and their presence 
be shown by the lower tensile strength in the direction of calendeung th 
in a direction perpendicular thereto. 

I 'De Visser. CiilmuUr Effect ami Shrinkage Effect of Unvulcanisei RMer. 
London, 1926. 
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Some Experimental Data. 

Soitie experiments carried out with calendered P.V.C. (plasticised 
polyvinyl chloride) illustrate the calender effect. 

(1) Strips 2*5 cm. wide, i8 cm. long and O'l cm. thick were cut with 
their length in the direction of calendering. A strip was immersed so as 
to hang freely in a bath of glycerine, maintained at a constant temperature, 
for ten minutes and then immersed in water at room temperature for 
5 minutes. The percentage retraction was measured on 15 ems, (»f the 
strip. This experiment was carried out at a series of temperatiire.s from 
20^ C. to 180° C. a fresh strip being used for each test and a tyj^ical curve 
is shown in Fig. i. 

(2) Similar strips were placed in two brass clamps 15 cm. ajxirt (see 
Fig. 2), The lower clamp was fixed while the upper one was attached to a 

brass .strip. A cord from 
thi.s strip pa.ssed over a 
pulley wheel to a scale pan. 
A rod on the brass strip 
operated a mirror on a 
pivot. All extension or 
contraction of the strip 
under test was shown (mag- 
nified 200 times) l:)y the 
movement of a spot of 
light reflected by the 
mirror. The strip was 
surroiinded by an elec- 
trically heated and ther- 
mostatically controlled air 
bath the temperature of 
which — a.s indicated by a 
mercury t h e r ni o m e t e r — 
could be maintained con- 
stant to within about C. 
The stress recpiired to keep 
the strip at its original 
length was measured at a 
series of temperature by 
the weights that had to be 
__ . added to the scale pan in 

1"^" , I under test, (.xce.s.s of the i'cro load. 

I I I Thc.so weiglits won^ i^on- 

stantly iuljusted .so that 
, the sp(ji of light reuuiiiuHl 

"''Airhdth. in the same positum. On 
Fig. 2. rai.sing or lowering the 

temperature a.])proxiinal ely 
•| hour was required for the bath to settle down to its new temperature 
and for the stress to rise or fall to an equilibrium value, ('flic stre.ss was 
regarded as at its equilibrium value provided that it was constairt to 
within 4 g./cm.2 over a period of 10 minutes.) 

The equilibrium stress was recorded at a series of increasing temperatiire.s 
from 20° C. to 120° C. and thereafter at a serie.s of decrea.siug temperatux’e.s. 
A typical curve is shown in Fig. 3. A further heating and ciKfling cycle 
gave curves coincident with DDE. No corrections were made for thermal 
expansions. The figure shows that the stress reaches a maximum value 
at 80-90° C. 

The stress required to hold the strip at constant length is equal and 
opposite to the retractive stress in the strip, and ignoring the sign will Ijc 
referred to below as the retractive stress ♦ 
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Deformation in Rubber -like Materials. 

The deformation, .D, produced in a rubberdike material by the action 
of a, constant stress 5 can be analysed into three components.®'*^ 

(1) An ordinary elastic deformation, proportional to S and ai:>pear- 
ing and disappearing instantaneously on the application and removal of 
the stress. For P.V.C.'^ the modulus, % === 5 /A)qj;, is independent of 
temperature and is of the order 10^® dynes /cm®. This type of deformation, 
corresponds to a .stretching of the polymer chains, 

(2) A high elastic deformation, Dhe. proportional to S and requiring 
a time for its full appearance and disappearance depending on the tempera- 
ture. At a temperature 
of 60-100^^ C. when for 
P.V.C. the time for tlie 
full development of the 
deformation is relatively 
small the modulus, 

is of the order of 10® 
dynes /cm®. This type of 
deformation corresponds 
to the uncurling of the 
polymer chains and the 
temperature dependence 
of the time effect is con- 1500 
nected with the variation 
with temperature of the 
viscosity of the plasticiser, 

(3) An irreversible 
" pla.stic " deformation, 

proportional to S 
and to the time of applica- 
tion. The " viscosity " co- 
efficient, rji = S^/Dyjso., for 
this type of deformation 
falls with temperature 
and, for P.V.C., is of the 
oixler poises at 

140® C. This deformation 
corresponds to the sliding 
of the polymer chains past 

each other. 

The behaviour of such 
a material can be repre- 
sented by the well known 
model system®- of Fig. 4 
consisting of elastic ele- 
ments (springs) and viscous elements (dashpots) obeying Hooke’s and 
Newton's laws respectively. It can easily be shown that for such a 
model : — 

c S' / S/ 

D -f- -1 - Dvibo- “ V ^ ^ ) “ 1 — • (i) 

It is clear that this model, as it stands, is not capable of providing an ex- 
jdanation of the experimental facts described above in connection with the 

EU^y, I'yans. Vm'aday Soc., 1942, 38, 291), 

^Tuckell;, Chem. Ind., 1943, 430. 

Ihhiies, J,S.CJ., 1944, 

* BurgQi's, Fi'Viit Repoft on Viscosity and Plasticity, Ainstevdam, 1935. 
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calender effect. For suppose that the model is stretched at some high 
temperature and then rapidly cooled in an attempt to simulate calemlering 
conditions. After sufficient time ha.s elapsed all the iuternai stresses of 
the model ■will dissipate. Owing to the presence of the viscous elements 
the model is not ca]:)able of retaining deformations, whereas experimentvS 
have shown that in P.V.C. >sheets kept for 6 months (at 30'’ ('.) no measur- 
able change in the calender effect could be detected, ff, however, we are 
prepared to associate temperature dependent yield values, A and f\, with 
the viscous elements, 7)1 and 7)2 it is possible to account for the t‘Xperi- 

mental data dcscril,)e(l above 
in terms of the now modified 
model system of Idg. .j. 

Model for the Calender 
Effect. 

Suppose we attempt, as a 
preliminary, to represent the 
behaviour of a calendered 
strip l)y a model cmisisting of 
an elastic element in ]’>arallel 
with a " viscous " element 
possessing a yield value, sec 
Fig. 5. Let n. f)c the modulus 
of the spring and a.nd 
the “ viscosity ” coefficient 
and yield value of the dashpot. 
If this model is strained to a 
value of strain, r then, the 
stress R required to holrl it at 
this strain is given by 

R - ^ s - - ./; 

where S ■ the stress in 

the elastic element. Suppose 
that the model still held at the 
strain x is now cooled an<l that 
the yield valiui rises with 
falling teinpcirature. If th(^ 
model is now released it will 
exhibit some recovery only if 
S is greater 1:hau tlu* yield 
value at this tmnperature. 
Had a temper£iture been chosen, such tliat the yield valiu' wn,s (‘(pni) to .S' 
the model on release would exliibit no recovery , '.rUe ndrarlivi^ stri^ss A’ 
would then be zero, the residual stress S being exaidily balaniuMl by tlu^. 
yield value of the dashpot. If the tcin})eraturc is now raised t lu^ str(‘ss R 
required to hold the model at the strain x will inercuso f)\ving to the cl(^- 
crease of the yield value with increasing temperature. If R.( 0 ) requ'esents 
the dependence of R upon temperature 0 and tha,t /n, wti can write : 

m-s--f2(o) .... ( 2 ) 

Equation (2) and the model of Fig. 5 will not however provide a com- 
plete account of the R /temperature curve since it docs not permit of R 
falling at sufficiently high temperatures. Let us now consider the elfcet 
of the second dashpot, viscosity coefficient and yield value /i, iu series 
with the parallel model. We repeat the procedure descril>cd above. 
Supposing that/i is very much greater than A we see that on wanning no 
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movement can take place in until the temperature is sufficiently high 
for R to have increased and Ji to have decreased to make R eqiial to 
A further increase in temperature will produce an instantaneous increase 
in R (owing to a decrease in /a) whereupon flow will take place in 7]^, As 
this flow continues the strain at in the vSpring will decrease and R will 
decrease until it is just equal to /i. The value of R at this and 'higher 
temperatures will be wholly dependent on the values of /i and we can wTite 

S being the original value of the stress in n^. 

The temperature at which 5 /i(0) -|~ f^{d) is the temperature at which 

annealing begins to take place, i.e. the temperature at which the residual 
stress S begins to be relaxed by the plastic flow that takes place in 
The residual stress Si at some higher temperature. is given by 

s^[B) -m - R(e) 

and the residual strain by 

On cooling 171 will have 
no eflect on the i? /tem- 
perature curve because 
the residual stress has 
relaxed to be equal to the 
sum of the yield values at 
the highest temperature 
attained and the i?/tem- 
perature curve for cooling 
is given by 

R[e) - Si( 0 „o -/a(0) 

where Si(^m) is the re- 
sidual stress remaining at 
the highest temperature 
attained. The com- 
plete equations for the 
R /temperature curve are 

R{B) -- o 
S<Md) 

R{d) == s-m 
.W)-\-m> s> w) 
m -/i(9) 

5 > /i(^) + /al^) 

for rising temperatures, 
and 

> m 

R[i)) ^ o 

Si(Sin) < f 2(0) 

for su].)sequent falling temperatures. 

Fig. 6 shows the if /temperature curve obtained according to the above 
equations, assuming the shape of the yield value temperature curve. The 
curve of l^ig, 6 bears a close resemblance to the experimental curve of Fig. 3 
except that in Fig. 3 the cooling curve is not parallel to the heating up 
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curve. TIiih is probably due to the neglect of thermal contraction * of 
botli the P.V.C. and l>rass stri]). If values for the coefficients of tiierinal 
expansion are kntjwn it should be poSvSilde by suitable design of experiment 
to obtain curves of the type shown in Fig. 0 if the proposed theory is correct. 

It iH tuisy to .see how the presence of a yield value in ijawill account for 
the iiercentage retraction /temperature curve. In this ca.se rjx ha.s no effect 
whatsoever. The pci'centage retractions, p, at some temperature 6 is 
given by 


P 


X — Xt {.0) 
X 


100 


S^Ud) 


100 


S > MO) 

s <Me) 


giving a curve similar to that shown in Fig. 2. 

In ternivS of molecular structure the yield values A and A may have the 
following significance. Before chain uncurling and interciiain 



sliding (Dyisc.) can take place certain nhuiminu stresses, which fall will) 
increasing temperature, must be exceeded. This requires that efpiai ion (i ) 
be modified to : 


D 


i + iziA 

fix 72 3 \ 


— e 



5 



In the simple theory of the calender effect proposed here, one dinu tisiou 
alone — the direction of calendering — has been ccuisidercd. 

It is clear that the extension of the theory to three <!imensions wonM 
pre!5ent no novel feature.^. 


* For over the path AB (see Fig. 3) the experiinenhd values obtained for R 
will be lower than those given by the model by an amount that increas(!s with 
increasing temperature. The path BC, however, is indepeiidoiit of thermal ex- 
pansion effects, R being controlled solely by A» «md any stresses that mighi; now 
be set up by thermal expansion will be dissipated by the flow that would take 
place in 171, On cooling two effects occur of which the path CBE is the nnsultant. 
The model requires that this path fall to zero parallel to AB, while owing to thermal 
contraction a continually increasing stress has to be exerted in order to ke(ip the 
strip at constant length, 1 
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Summary. 

1'he facts relating to the calender effected are brieiiy stated and illus- 
trated by experimental data obtained with calendered plasticised poly- 
vinyl chloride sheet. Tlie nature of rubber-like deforniatlon is outlined. 
A theory of the calender effect is proposed in terms of a mechanical model 
whose relation to molecular structure is indicated. The theory postulates 
that temperature dependent yield values be associated with the mechanisms 
of high elastic deformation and plastic flow. 

Thanks are due to the Directors of Callender's Cable & Construction 
Company, Limited, in whose laboratories the experimental work was 
carried out, for permission to publish this paper and to E. Tunnicliff and 
I. K. Fisher for helpful discussions. 


ON THE MEASUREMENT OF THE THERMAL 
CONDUCTIVITY OF LIQUIDS. 

By E. Hutchinson. 


Received -i^th June, 1944. 


Data on the thermal conductivity of pure organic liquids are scarce 
and of the values listed in " International Critical Tables " only a few can 
be considered reliable. Early work in this field was done by Lees,^ 
Goldschmidt, 2 Weber,® and others. More recent measurements have been 
made by Bridgman * and by Bates and co-workers.® The latter worker 
has made a very extensive study of the problem and has built a carefully 
designed apparatus the results from which are probably the most accurate 
of their kind. The method, however, lias serious disadvantages in that 
it is based fundamentally on the Lees' disc apparatus, and in consequence 
very careful lagging and guard-ring corrections are needed. The ap- 
paratus is large, complicated, and measurements require considerable 
time as it is desirable to leave the apparatus running for several hours in 
order to ensure a steady state. 

In this paper a very convenient method of measuring thermal con- 
ductivities is suggested : the method is based on that used by Gold- 
schmidt ® and also on one used by Melville ® for measuring thermal con- 
ductivities of gases. 

Experimental. 


The apparatus is shown in Fig. i. It consists of two tungsten leads, 
to which are spot -welded a tungsten “ coiled -coil " filament (as used in 
electric light bulbs) fused into a pyrex tube so that the fila- 
ment lies axially down the tube . The tube, carefully selected 
for uniformity of bore and wall thickness, as used in these 
experiments was c. i cm. internal diameter and c. 7 cm. 
long. At points some 2 cm, above the junction of the fila- 
ment to the upper tungsten lead two side tubes are fused 
on to the main tube to facilitate filling of the apparatus. 


LH'U 


^ Lees, Phil. Trans., 1898, 19 1, 399. 

2 Goldschmidt, Physik. Z,, 1911, 12, 417. 

® Weber, Ann. Physih, 1903, ii, 1047. 

Bridgman, Proc. Amer. Acad, Arts and Science, 1923, 59, 141. 
** Bates, et alii, Ind, Eng. Chem., i 933 > 25, 431 ; 1936, 23, 494 ; 
1941. 33, 375- 

“ Melville. 'Frans. Faraday Soc., 1937, 33, 1316. 


Fig. I. 
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The technique of fusing the tungsten leads into the tube so that the 
filament is under slight tension and lies axially down the tube is readily 
acquired, but the alignmexit of the filament is facilitated by fusing glass 
beads on to the leads before finally sealing into the main tube. 

The theory of the method is as follows. If an amount of heat Q is , 
supplied per second by the filament a steady state is reached in which 

Q = 2*; X A' X (r - r„) in . . . (i)t 

where K is the thermal conductivity of the liquid, I the length of t\xo fila- 
ment, Vi and ro, respectively, the radius of the cylinder of liquid and the 
radius of the filament (c. 0*5 cm. and 0-004 respectively), F and 'J.\ 
respectively, the temperatures at the surface of the filament and of the 
cylinder of liquid. The heat Q is generated by passing a known steady 
current I through the filament and measurement of the resistance of the 
filament gives a measure of the temperature T. The apparatu.s is placed 
in a thermostat so as to maintain a temperature T 0* on the outer wall of 
the glass tube. This Tq* is not identical with Tq, the temperature of the 
inner wall of the tube and outer surface of the liquid (assuming no tem- 
perature discontinuity at the Hquid-glass interface : this assumption 
appears justified by experimental results obtained). Correction has there- 
fore to be made for the temperature drop through the gla.ss walls so as to 
obtain To, knowing Tq"' by actual measurement. From equation (r) 

Q = 2^1 X K*(To - T,*) In 

where is the external radius of the tube and K* the thermal coudiictivity 
of the glass walls. It will be seen that since and are of the same order 
of magnitude then for a given heat flow Q the temperature drop through 
the glass (To — To*) is much smaller than the temperature drop through 
the liquid (T — Tq). The magnitude of the correction to be applied can 
be determined by direct calculation knowing the thermal conrhictivity 
of the glass or by calibration of the apparatus against carbon tetrachloride. 

In the present case the corrections found by the two methods agx*eed to 
within less than i % ; in subsequent work the correctifxn found l.)y calibra- 
tion was used as /ipyrex niay be expected to differ .slightly from sample 
to sample. 

The theory of the apparatus implies radial flow of heat and aljsema^ 
of convection. Convection appears to be negligible as .steady j’eadings 
were obtained with the apparatus tilted even at 25'^ to the verticjil, identical 
with those found with the apparatus in ix vortical jtositioii. At angles 
greater than 25'"'’ marked irregularities and inconstancy wen^ ol>H{s‘v<‘d. 
Only small heating currents of the order 10 amp. were used and tmn- 
perature differences across the liquid column wore of tlie order (tf lA C.. 
or less. Under these conditions end-losses as calculated by an (Hjuatitm 
due to Gregory and Archer are less than 0-03 % so tluit tluu'e is no luaid 
to use the apparatus differentially as was found necessary by Goldsdunidt. 
The apparatus doevS not appear sensitive to the height of liquid in Uie 
tube provided the filament is covered, and liquid was comixionly poured 
in to about 5 mm. above the weld between filament and lead. 'L'lie as- 
sumption that there is no temperature discontinuity at the glass-liquid 
interface has not been demonstrated, but in view of the good agreement 
between experimental results and the best values in the literature, together 
with the fact that at the glass-liquid interface the temperature gradiemt 
has fallen off to a low value, this assumption is considered valid. 

There are several ways in which the various measurements ueccHsary 

t For a derivation of this equation sec Roberts, Heat and Thermodymmics 
(Blackie, 1928), pp. 207, 208. 

’ Gregory and Archer, Proc, Roy. Soc., A, 1926, in, 95. 



E, HUTCHINSON 


89 


for a determination can be made, In the present case the resistance of 
the filament was measured in a standard Wheatstone Bridge circuit and 
the heating current evaluated by measuring the P.D. between the ends of 
a standard 10 ohms resistance in series with the filament. The tem- 
perature 7 'o* of the thermostat in. which the apparatus was placed was 
measured by means of a calibrated mercury-in -glass thermometer. 

Results. 

The thei'mal conductivity of the material may be evaluated using 
equation (1), but a slightly different procedure wavS used in practice. 
Modifying equation (i) slightly one obtains 

^ 2 nl X K X 7:: In ^ where C is a constant 

\vj 

= 2^1 X K*{T, - r„«) In (2) 

i.e. I^R = ^(R - R^) = a(r„ - 1 \*) = y(i?„ - R„*) where a, ^ and y 
are constants, 

where the temperature drop across the glass walls is expressed in terms of 
the resistance of the filament. In actual practice one does not measure 
{R - i?o) butjf? -- Hence ==. fi{R ^ R^^) - ~ i?/). Thus 

if the resistance attained by the wire is 
plotted against heating power a graph is 
obtained which can be expressed by the 
equation 

im - [K - A) X R X B -I- C, 

where A, B and C are constants which can 
all be calculated in terms of the dinien>sions 
of the apparatus. Hence the procedure has 
beexi to plot heating power against resist- 
ance and to measure the slope of the graph 
from which the value of K can be derived. 

As explained above, the value of the con- 
stant A can be evaluated fi'om a knowledge 
of the thermal conductivity of the glass, 
but here' it was determined experimentally 
by calibration of the apparatus with carbon tetrachloride. 

In P'ig. 2 ax'e shown typical heating power-resistance curves for three 
liquids, and in Table I the values obtained for the thermal conductivities 
compared with the most reliable data in the literature. The agreement 
is seen to be good. 


TABLE I. — Temp,, 18° C. K. in cal. /sec, cm. °C. x 10-®. 


Compound. 


-^Mlterature. 

Water .... 

143 i 2 

140 Bates.® 

Chloroform 

31-8 ± 0*5 

31*0 

Carbon tetrachloride 

38-0 ± 0-5 

38-0 

Acetone .... 

40-7 ± 0*5 

42*5 I.C.T. 

Et. alcohol 

43.6 ± 0*5 

43*6 Bates.® 

Et. iodide 

25-9 ± 0-5 

26-0 I.C.T. 

Glycerol . , . . 

67-2 ± i-o 

68*0 Bates.® 


Since the electrical measurements involved can- be made with great 
accvxracy the xnethod can be made to yield very accurate results. Further, 
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as the quantity of. liquid required for a measurement can be made vsmall 
by choice of smaller glass tubes, and as the time required for thermal 
equilibration is of the order of 1-2 iniimtes, the apparatus may possibly 
be used for such purposes as the study of reactions in solution, etc., in 
cases where ordinary analytical methods are difficult to apply, 

The apparatus has been used to measure the thermal conductivity of 
various organic solids melted into it, but in view of the possible anisotropy 
of the solids and lack of precise information as to the orientation of the 
crystal axes in the tube, its utility in this field is somewhat limited. 


Summary. 

An apparatus using a hot wire technique has been devi.sed for the 
measurement of the thermal conductivity of liquids. Small quantities 
of liquid are required, measurements are simply and x*apiclly made in 
contrast to other existing methods, and experiments on a few common 
liquids yield results agreeing to within 0, ^ % with the most reliable data 
to be found in the literature. 

The author wishes to acknowledge his gratitude to Professor E. K. 
Rideal, F.R.S., for kind advice and encouragement. Approval for 
publication has been granted by the Director General of Scientilic Research 
and Development, Ministry of Supply, 

Department of Colloid Science, 

Free School Lane, Cambridge. 


THE INTERACTION OF PLASTICISERS AND 
POLYMERS. 


By Elxzabkth M. Frith. 


Received October ^ X944» amended Wi December, 1944. 

The general problem of plasticiser polymer systems has two distinct 
aspects. The choice of a suitable plasticiser for use with a given polymer 
is first influenced by the degree of miscibility which is obtainable. Given 
sufficient miscibility (i.e. given a minimum conipatibilUy), pl.'i.stidsers 
will then be chosen for their efficiency in conferring ]>roj>ertics. 

The efficiency of a pla.stici.ser can simply be measured by f.lui ii mount rjf 
it which is required b) produce a certain degree of plasticuty or softiu,*ss 
in the plasticiser polymer mixture. This paper deals only wil.h tin? 
problem of plasticiser compatibility ; its aim is to sluxw how compatibililitis 
can be measured and to consider briefly the physical factors which cletcjr- 
mine good compatibility. Correlations between the chemical structure 
of a plasticiser and its compatibility properties are not considered. IdKi 
scope is further limited to amorphous polymers on the one hand u,nd 
liquid plasticisers on the other. We shall assume that the polymer and 
plasticiser are in thermodynamic equilibrium : the formal prolxlem of 
determining the compatibility is then simply that of determining the 
mutual solubility relationships of a polymer and a simple liciitid and 
requires a brief discussion of the equilibrium between a polymer and a 
liquid which is, in general, a solvent or swelling agent. 
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Nature of the Interaction. 

Since we assume that the polymer and plasticiser are in thermodynamic 
equilibrium, we can apply the current theories of polymer solutions. The 
equilibrium conditions are determined by the value AG of the Gibbs’ 
free energy change on passing from the original amorphous polymer to 
the swollen or dissolved state. The configurational increase in entropy 
correspbnding to this change is large and has been calculated by Flory,^ 
Huggins 2 and Guggenheim » with essentially ■ similar results. If ail the 
solvents or swelling agents considered have molecules roughly of the same 
size relative to that of the polymer chain link, the configurational increase 
in eiitropy on mixing is the same for all liquids. Thus variations in the 
equilibria found with different liquids must be ascribed entirely to differ- 
ences in the heats of mixing. Since a direct calorimetric measurement 
of AH, the change in heat content on mixing, is very difficult, heats of 
mixing are usually derived from measurements of the vapour pressure 
or osinotic pressure of the system over a range of tempetature. Very 
few systems have been measured ; as a general rule the heat changes are 
found to he small. In the rubber-benzene ^ system a small amount of 
heat is absorbed on mixing [AH smalTand positive), rubber and toluene ^ ' 
mix almost without heat change ; when there are attractive forces acting 
between the polymer and solvent heat is evolved on mixing as in the 
systems nitrocellulose-acetone ® and cellulose acetate-tetrachlorethane. ^ 
^^ile differences in AH determine the differences in equilibrium states, 
the large swellings and high solubilities found in polymer systems are due 
mainly to the very large increase of entropy on mixing and not to big 
attractive forces between the polymer and liquid concerned. 

If, then, the polymer mixes with the plasticiser without heat change, 
or if there are attractive forces acting between them, there should be 
complete miscibility over the whole range of composition as the heat effect 
is acting with the entropy effect to promote solution. But if the plasticiser 
is to some extent repelled by the polymer, heat is absorbed .011 mixing 
and this adverse heat effect may be large enough to produce phase separa- 
tion and the limited swelling efects which are often found. A quantita- 
tive treatment of these phenomena was firsjt given by Flory ^ and was 
worked out in detail by Guggenheim. » The condition for phase separation 
is, generally, that w/kT should be positive and greater than some critical 
value not markedly dependent on the polymer chain length : w is here a 
measure of the interaction energy between the plasticiser or solvent mole- 
cule and the polymer chain link. It has a value of zero if the polymer 
and solvent mix without heat change and is negative if there is polymer 
solvent attraction. Positive values of w correspond to polymer solvent 
repulsion. It is clear then that the formation of well-defined complexes, 
or stoichiometric compounds is not necessary for good compatibility. 
In the extreme case large attractions between the polymer and plasticiser 
may lead to the formation of a solvated hull in a simple chemical ratio. 
This appears to be the case in the system nitrocellulose-acetone where 
calorimetric measurements of Kargin and Papov® have suggested that 
a I : I complex is formed. In general, however, good compatibility is 
found when the forces between the polymer and plasticiser correspond 
to attraction or even slight repulsion. Comparative compatibility values 
should therefore be obtained from a comparative study of the heats of 
mixing or interaction forces between a polymer and a series of plasticisers. 

1 Flory, /, Chem. Physics, 1941, 10, 51. 

-Huggins, /. Physic. Chem., 1942, 46, 151. 

^ Guggenheim, Proc. Roy. Soc., A, 1944, 183, 203, 213. 

Gee and Treloar, Trans. Faraday Soc., 1942, 38, 147. 

•'* Meyer Wolff and Boissonas, Helv. Chim. Acta, 1940, 33, 430. 

Schulz, Z. physik, CJmn., 1942, 52, 253. 

’ Hagger and Van dor Wyk, Helv. Chim. Acta., 1940, 23, 484, 

® Kargin and Papov. /. Physic. Chem. U.S.S.R., 1936, 7, 483, 
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Measurement of the Interaction, 

Any type of experiment which measures directly or comparatively 
the interaction or attractive forces between a polymer and a series of 
plasticisers is thus suitable for estimating relative compatibilities* The 
obvious comparative method would be to measui'e the equilibrium swelling 
of a cross-linked or otherwise insoluble specimen of the polymer in a series 
of plasticisers : this method has the advantage of allowing controllable 
measurements over a range of temperature. It has been used successfully 
in the case of synthetic rubbers, but polymers like cellulose acetate, 
polyvinyl chloride or polystyrene reach equilibrium very slowly when 
swollen in the form of sheet or thin films and the method seems to reciuire 
modification. It is obviously unsuitable when the polymer is soluble 
in the plasticiser. .Direct measurement of the heats of mixing of polymers 
and plasticisers is difficult but some advance is being made using a suit- 
able monomer as a model for the polymer link. This point is referred to 
later. Apart from swelling or calorimetric methods, however, it was 
suggested in an earlier paper ® that polymer solvent interactions and 
possibly comparative swelling results could be obtained from a study of 
the usual — o viscosity curve obtained from measurements in dilute 
solution. Experiments on polymer plasticiser systems closer ibefl here 
confirm the general prediction, although the exact form of tlie relationship 
is still admittedly not clear. The experiments are based on the following 
general considerations which are at lea.st qualitatively correct. 

1. The increase of the t^hp/c ratio with concentration (i.e. the initial 

slope of the — o curve) is a function of the solvent. If the solvent 
is attracted by the polymer chains (i.e. if bdi. or w is negative) extended 
configurations of the polymer chains occur, there is increasing interaction 
between the chains as the concentration increases, and both the limiting 
ratio at zero concentrations [rj] and the slope of the -™ o curve will 
be high. If there is polymer solvent repulsion coiled up polymer configura- 
tions reduce [?j] and the slope of the curve. The theory originally sug- 
gested that the slope (but not the limiting intercept) of the — o 

curves was a linear function of w/k2\ 

2 . Frequently the polymer is insoluble in the j^lasticiser or liquid in 

question, and in this case comparative measures of the interaction cun be 
directly obtained from swelling measurements. It is possible also to use 
viscosity results provided the measurements are made in carefully chosen 
mixed solvents. Suppose that a polymer P is dissolv(Kl in a solvent Sj 
without any heat elfects, that o. If a second liquid or ])la,st:ii:iscr 

Sa is added to the solution it is reasonable to suppose that it inttsructs to 
the same extent both with a polymer link and a single molecule of the 
type Sj. We can then imagine that this single interaction (which \\v may 
call z«;) is responsible for any variations we inay find in tlu; visc'.osity curves. 
If then we have a dilute solution of polymer P in and add vaiying amounts 
of Sg we should get a series of curves whose slojics and inti'rct^jits 

are functions both of the interaction w and the amount of Sg in tlie nuxtur(,!. 
If, for comparative purposes, measurements arc made with a iixcsl soKuml 
composition, the curves should give a directly comparative imtasitrt^ of 
polymer-Sg (plasticiser) interaction, In the experiments tlescrihed Ixdow 
Si is the solvent chosen as far as possible to comply with these conditions 
and Sg the added plasticiser whose relative compatibility will lie related 
to the slopes of the — c curves. 

Experimental Methods and Results, 

1. Non- solvent Plasticisers, — If the polymer is not completely soluble 
in the plasticiser, a direct experimental comparison can be madeT>et:weeii 
viscosity results and swelling data. If the slope of the • e (.utrve 

® Frith, Trans. Faraday Soc.^ 1945, 41, jcy. 
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for a given plasticiser content in the mixed solvent depends only on w, 
there should be some correlation between this slope and the equilibrium 
swelling of the insoluble polymer in the pure plasticiser. Swelling data 
are, however, only reliably obtained for vulcanised rubbers, and we have 
first tested this prediction using Gee's published results on the swelling 
of lightly vulcanised synthetic rubbers. The swelling liquids used were 
simple aliphatic esters : while these are not plasticisers in the usual sense, 
they are chemically sufficiently similar to the more usual type to serve as 
test .liquids in systems where strong dipole forces do not exist. The 
results are given below for the system “ Neoprene "-Benzene-" Plasticiser," 
We assume that benzene is a suitably " indifferent " solvent for the poly- 
chloroprenes which form the basis of the Neoprene type of synthetic rubber : 
results given later in this paper show, however, that small deviations from 
this state do ‘not invalidate the main conclusions. Gee measured the 
swelling of lightly vulcanised discs of Neoprene in a series of liquids and 
found that the results fy:ted a curve determined by the cohesive energy 
densities (Ea/Va) of the esters used. These results indicate then that the 
interaction between the ester and Neoprene is small or corresponds to a 
slight repulsion and we might expect, as is in practice found, that many 
of the pure esters will not completely dissolve un vulcanised specimens 
of the rubber. We have in effect then, a series containing some non- 
solvent plasticisers. Dilute solutions of unvulcanised specimens of Neo- 
prene were prepared using as solvents 50 % by volume mixtures of benzene 
and the corresponding ester : the viscosity of each solution was measured 
in a standard Ostwald viscometer at 25^^ C. (± 0*02° C.) relative to the 
appropriate solvent mixture. The increase of the viscosity ratio rjgp/c 
with the concentration was measured for each solution : over the range 
of polymer concentration o — 0*4 g./ioo c.c., this increase was linear and 
the slope of the — c curve was readily found. Both the limiting 
intercept [i?] of the 7 }b\>/o ratio at zero concentration and the slope of the 
curve were dependent on the solvent used. The results are given in 
Table I together with Gee’s figures for the equilibrium swelling Q in the 
pure ester and the corresponding Eb/Vq value of the ester itself. 


TABLE I. — Swelling and Viscosity Relationships. Neoprene GN. 


Neoprene GN-Benzene 
-1- 

Intercept 

[vl 

Slope. 

' (?. 

(cal,/c.c.)i. 

Heptane 

0764 

14 

0*24 

7-50 

Isobutyl n butyrate . 

0920 

82 

2*27 

778 

N butyl n butyrate 

0965 

96 

2*6o 

8-o6 

N butyl acetate . 

0914 

82 

2-23 

S -53 

N propyl acetate 

08 go 

72 

1*82 

875 

Ethyl acetate 

0798 

50 

I-I 4 

9.08 

Ethyl tormate , 

0718 

36 

0-51 

9-43 

Methyl acetate . 

0649 

22 

0-49 

9-58 


The plots both of the limiting intercept [ij] and the slope of the curves 
against the corresponding Q values are surprisingly good straight lines. 
Fig. I shows the plot of Q against the initial slopes of the viscosity curves : 
this plot corresponds to a more rapid increase with change of solvent than 
the corresponding plot for the intercept. Further evidence for this type 
of correlation will be presented later. 

2. Solvent Plasticisers. — ^When the pure plasticiser is itself a solvent 
for the polymer and if the polymer cannot be vulcanised, swelling data 
cannot be obtained and alternative methods of correlation have to be 


^®Gee, Trans. I.R.L, 1943, 18, 266, 
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devised. Purely amorphous polymers will be soluble in any plasticiser, 
both when there is direct attraction between the long chains and the 
plasticiser molecules and when there is no heat effect on mixing. This 
last type of solvent was called by Mark an indifferent” vSolveiit and 
the solution is the ” athermal ” type discussed by Plildebrand. If the 
relative slopes of the viscosity curves are determined by wIkT, the viscosity 
slopes relating t<j solutions formed with evolution of heat (?ej negative : 
attraction between solvent and polymer) will be reduced by increasing 
temperature. Conversely the slopes found with solutions formed with 

Fig, I. — Relationship be- 
tween viscosity and equilil)- 
riuin swelling for Neopreaxo 
GN in a series of liquids. 
Viscosity measurements in 
50 % by volume mixture.s 
with benzene. 

Liquids, 

I. Heptane. 2. Methyl 
acetate. 3. Ethyl formate. 
4. Ethyl acetate. 5. N pro- 
pyl acetate. 6, N butyl 
acetate. 7. Isobutyl buty- 
rate. 8. N butyl w butyrate. 

absorption of heat will be increased with temperature towards their 
unbiased value of a solution in an indifferent solvent. In each case the 
increased molecular motions at the higher temperature tend to restore 
the randomly kinked configuration of the polymer and hence the unbiased 
viscosity. Further, the viscosity relationships of an atheianal solution 
will be unchanged by temperature. 

J priori we should choose as a typically athermal mixture, a solution, 
of polymer in pure monomer, provided that the monomeric molecule is 
not unduly polar in character. In this connection the theory hfis l,)een 
tested by an extensive study of the system ethyl acetate-polyvinyl ticetatc 
both with and without added plasticisers. log. 2 sho'ws the ro.sults of 

viscosity expexiinents on dilute solutions 
of polyvinyl acetate in ethyl ac(.date alone. 
The straight line is the experimental curves 
for solution viscosities measured at 25'’' <', 
and th(i dotted points the results of 
measurements at 50" C'. 'riiere is tlieii 
no effective variation of tlie specilit', vis- 
cosity with tciinper attire ami we ma,y infer 

Pi,;. 2,_Visoosities oC dilute syKicni ethyl ;ic(>tat(>-poly vinyl 

solutions of polyvinyl acetate in iu'-ctate is truly atliomial, 'I'lie eilq.vt <it 
ethyl acetate 25° C. and 30'^ C. the composition of the mixed solvent was 

then studied to amplify the arguments 
of case (2) of the last section. Polyvinyl acetate is soiuhio in dimetliyl 
phthalate-ethyl acetate mixtures over the whole Tange uf (^onipo.sitioii 
and the viscosities of the solutions in the mixed solvents are higher 
thati those in pure ethyl acetate, indicating some degree of attra(;tion 
between the polymer and the plasticiser. Fig. 3A shows the curves 
— c obtained in various solvent mixtures. The slopes of the cxirves, 
though not the limiting intercepts, are functions of the solvents and in 
Fig. 3B these slopes are plotted against the solvent composition. The 
relationship is quite linear as we might perhaps expect. 

In so far then, as the solvents used are suitably ” indifi'erent," the 
considerations given in the first half of this paper would seem to apply 

Alfrey, Bartovics and Mark, J.A.C.S,, ‘1942, <>4, 1357, 
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•und for comparative purposes we extrapolate some of tliese conclusions to 
other systems. 



Fig. 3A. — The effect of solvent composition on the viscosity of dilute solutions 
of polyvinyl acetate in ethyl acetate dimethyl phthalate mixtures 25° C. 
A, 90 % D.M.P., 10 % E.A. B, 70 % D.M.R, 30 % E.A. C, 50 % D.M.P., 
50 % E.A. D, 30 % 70 % E.A. E, 10 % D.M.P., 90 % E.A. 

F, 100 % E.A. 

B. Relation between slope of T^gp/d' — c curve and solvent composition. 

Comparative Measures of Compatibilities. 

1. Polyvinyl Acetate. — ^Measurements have been made to test the 
I'elative compatibilities of a series of alkyl phthalates by measurements 
of the viscosities of dilute polymer solutions in 50 % by volume mixtures 
of the phthalates and ethyl acetate. A solvent composition of 50 % has 


Fig. 4. — Viscosities of dilute solutions 
of polyvinyl acetate in 50 % mixtures of 
alkyl phthalates and ethyl acetate. 

A, Dimethyl phthalate 25° C. 

B, Dimethyl phthalate 50° C, 

C> Diethyl phthalate 25° C. and 50® C. 

D, Dibutyl phthalate 50° C. 

E, Dibutyl phthalate 25° C. 



been chosen for convenience throughout this section : it allows relatively 
quick solution, even in mixtures with poor plasticisers and the compara- 
tive effects which are observed are sufficiently marked for our purpose. 
The results of experiments both at 25'^ C. and 50° C. are shown in Fig. 4. 
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Solutions of polyvinyl acetate in all mixtures of ethyl acetate and diethyl 
phthalate have viscositievS at 25'" C. and at 50° C. which exactly reproduce 
the straight line in Fig. 2 ; the results are shown in Fig. 4 as the line C, 
We may infer that diethyl phthalate, like ethyl acetate, mixes with 
polyvinyl acetate without heat change and that it is thus a good plasticiser. 
Dimethyl phthalate, as we have seen, appears to interact to some 
extent \vith this polymer and should show a superior compatibility. At 
50^’ C. the slope of the viscosity curve for the 50 % dimethyl phthalate 
solution is lower than the corresponding slope at 25° C. : this confinns 
the conclusion we have just stated. As the temperature increases, the 
attractive forces between the plasticiser and polymer which cause the 
chains to tincoil slightly, are increasingly compensated by the thermal 
agitations and the relative viscosity falls as the configurational extension 
becomes less. The viscosities of solutions with dibutyl phthalate and 
dipropyl phthalate are, on the other hand, lower than those of solutions 
in pure ethyl acetate and the slopes of i?ap/c ~ c curves are increased 
slightly as the temperature is raised. (The curves for dipropyl phthalate 
mixtures are, for clarity, omitted from Fig. 4 ; the 25"^ C. curve lies l)etween 
the, lines D and E in the figure.) We would therefore expect these esters 
to be poor plasticisers for polyvinyl acetate and to have low compatibilities. 
The general trend of these results is in good agreement with the known 
plasticising action of the phthalate series. 

2 , Polyvinyl Chloride. — ^/Vehave so far been concerned with relatively 
non -polar polymers. Polyvinyl chloride is, however, essentially pohir and 
will only dissolve in polar solvents. It i.s extremely 
unlikely that such solutions will be formed atherm- 
ally and many of the theoretical conditions wo 
imposed cannot now be assumed. However, ex- 
j^eriments show that many of the effects observed 
with, say, the polyvinyl acetate systems, arc found 
also with poly vinyl chloride solutions, and, although 
the theoretical basis is not so clear, the experi- 
mental results, for comparative j)urpc)ses, are by 
no means invalidated. Cyclohexanone was cliosen 
as the most suitable solvent for the polymer, and 
Fig. 5 shows the r^AvIc — c curves for dilute poly- 
vinyl chloride solutions in this solvent at 25'’ C, 
and at 50"^ C. It is dear that increasing tempera,- 
ture decrease.s the values at any linitc concern- 
tration, although tlie limiting [■>?] value at r.(U'o 
concentration is not affected, d'his dec', refusing 
value of the slope of the curves suggests that attnictiv<i forc(,'s art* acting 
between tlic polymer and solvent, 'this means that viscosity ex]K‘rim<fnls 
have to be made in mixed solvents which do not neces.sariiy conform to 
the definition given above. 

Polyvinylchloride, however, is not soluble in the common plaslidsm’s, 
and it has been possible to correlate some of tlic viscosity results obtaimsl 
in mixed solvents with equilibrium swellings in the pure plastii'Tsens. Tlu.‘ 
viscosity results were obtained in the usual way. Fig. 6 shows the t/hd/c c 
curves obtained for dilute solutions of the polymer in 50 % by volume 
mixtures of cyclohexanone and a series of alkyl phthalatcs. (Generally' 
speaking the results are in good agreement with the known compalibility 
properties. Dimethyl phthalate is recognised as a por>r ]>]asticiser for 
polyvinyl chloride, and its solutions show only a very slight increavSe of 
the T7sp/c ratio as the concentration rises. The higher members of the 
series show improved plasticising i^roperties and it is further recognised 
that some maximum of compatibility occurs at the butyl ester, log. 7 
shows the effect of temperature on the dimethyl phthaiate and dihutyl 
phthalate systems. Although these sy;.stems are far from the ideal ones 



Fig. 5 . — Viscosities 
of dilute solutions of 
polyvinyl chloride in 
cyclohexanone. 

A, 25^:. B, 
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studied in the last section we might expect a qualitative effect of tem- 
perature on the same lines and this is found here. The high slope of the 
dibntyl phthalate curve is reduced as the temperature rises : we cannot 
immediately say how far this effect is due to the cyclohexanone present 
in the mixture, but we can infer that the (iilhityl phthalate either interacts 
directly with the polymer or has only a very small repulsive effect. The 
slope of the dimethyl phthalate curve is practically unchanged by tem- 
perature, Since the cyclohexanone in the solvent mixture is tending to 
reduce the relative viscosities at higher temperatures we must conclude 
that dimethyl phthalate itself is tending to repulse the polymer chains : 
this interaction will tend to increase the relative viscosity at higher tem- 
peratures and the net result is an apparent temperature independence of 
the viscosity curve. Dilute solutions of polyvinyl chloride with less than 
50 % of dimethyl phthalate in the solvent mixture give viscosity curves 
whose slopes are reduced by increasing temperature. 



Fig, 6 . — Viscosities of dilute solu- 
tions of polyvinyl chloride in 50% 
mixtures of cyclohexanone and alkyl 
phthalates, 25*^ C. 

A, Dibutyl phthalate. 

B, Dihexyl phthalate, 

C, Dioc-tyl phthalate. 

1), Diethyl phthalahe 

K, Dimethyl , phthalate. 



Fig. 7. — Viscosities of dilute 
solutions of polyvinyl chloride 
in 50 % mixtures of cyclohexa- 
none and alkyl phthalates, 

A, Dibutyl phthalate 2^*^° C. 

B, Dibutyl phthalate 50° C. 

C, Dimethyl phthalate 25° C. 

and 50° C. 


These figures were further checked by a series of rough swelling ex- 
periments. Preliminary experiments showed that polyvinyl chloride 
powder is swollen by plasticisers to give homogeneous gels with super- 
natant clear liquids. These liquids were analysed viscometrically and 
found to contain no polymer in agreement with Bronsted's results for 
polystyrene. Weighed quantities (c. 0-2 g.) of the polymer were placed 
in small tubes and plasticiser added : the mixtures were stirred up with 
■glass rods and left in a thermostat at 25° C. for a week. As much as 
possible of the supernatant liquid was sucked up by filter paper and the 
tube centrifuged at room temperature for ten minutes. The remaining 
liquid was then sucked up at 25° C. and the tube and gel weighed. While 
readings were mutually consistent to about 3 % the accuracy is con- 
siderately reduced by temperature changes due to centrifuging at rbom 

Bron.sted and Volquartz, Trans. Faraday Soc., 1939, 35 j 57 ^* 
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temperature, excessive loss of excess plajBticiser from the softer gels and 
in some cases semi-microscopic inhomogeneity. Consistent differences 
between the different plasticisers were, however, obtained, and in Table II 
we give figures for the phthalate series together with estimated values of 
the cohesive energy density of the plasticisers and the slopes of the curves 
shown in Fig. 6. 

TABLE II.— Viscosity anb Swelling ItBLAXioNSHirs Poi.yvinyl 

Chloride, 



Q 

(g. plast./g. PVC.), 

Slope. 

EJV, 

(cal./c.c.). 

Dimthyl phthalate . 

5-0 

48 ' 

toS 

Diethyl phthalate 

3'4 

74 * 


Dibutyi phthalate . 

6*0 

174 

70 

Dihexyl phthalate . 

3*7 

117 

60 

Dioctyl phthalate 

5-3 

88 

fjo 


The eTihlibi'ium swelling appears to vary with the iis/Fa value of the 
plasticiser and there is a maximum near the butyl ester, where, presumably, 
the Hs/Fh value of the plasticiser is most nearly equal to the corresponding 
iip/Fp ratio for the polymer. We cannot at the moment, however, carry 
this interpretation very far, as Gee's correlation of Q, tlie equilibrium 
swelling, and the cohesive energy density of the swelling agent only applies 
when heat is absorbed on mixing. Without further measurcincnt, we 
cannot give a moi*e detailed interpretation of the heat changes which 
occur in the complicated ternary mixtures used for the viscosity experi- 
ments. Dibutyi phthalate will not dissolve polyvinyl chloride ancl we 
must suppose that steric or polar effects prevent complete mi.scibility. 
Such effects will, of course, influence the slope of the viscosity curve, but 
to what extent we cannot at present say. Two points are, however, clear : 
the comparative slopes of the viscosity curves do represent the known 
series of plasticiser compatibilities and the slopes are paralleled by the 
equilibrium swelling in the pure plasticiser. 

Results for further series of i^Iasticisei’s are given in Table III. In 
the phosphate series there is again known to be a maximum of com- 


TABLE HI. — Viscosity Relationships. Polyvinyl Chlqiudk Systiom.s. 


riasticiscr. 

Liimting Value. 

Initial Slope, Viscosity 
Curve, 

Trimethyl phosphate . 

0881: 

5 

Triothyl phosphate 

0915 

1 13 

Trihutyl phosphate 

0920 

150 

Trinonyl phosphate 

0900 

84 

Triacetin ..... 

0805 


Triethyl sebacate 

0880 

80 

Tributyl sebacate 

0920 

176 

Methyl phthalyl ethyl glycollate , 

• 0878 

88 

Ethyl phthalyl ethyl glycollate . 

0S70 

60 

Butyl phthalyl butyl glycollate . 

0870 

72 


patibxlity at the butyl ester and this is represented by a steep slope of the 
viscosity curve, and a slightly higher value of the limiting intrinsic vi.s- 
cosity ratio [yj], although this latter factor is always less affected by solvent 
variations than the slope of the ri^x>lc-c curve. The superiority of the 
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butyl ester is shown again by comparison of the results for ethyl and 
butyl sebacates. Triacetin is given as an example of an extremely pom- 
plasticiser and the phthalyl alkyl glycollate series to show a range of 
plasticisers of only medium efficiency. 

3. Cellulose Acetate.- — ^When we come to consider cellulose esters the 
highly polar nature of the common solvents makes any direct explanation 
of viscosity results rather difficult. As with polyvinyl chloride systems, 
however, truly comparative effects do obtain. Fig. 8 shows viscosity 
curves for a cellulose acetate dissolved in a 50 % 
by volume mixtures of alkyl phthalates and ace- 
tone. Dimethyl phthalate is here shown to be 
rather more compatible than the corresponding 
ethyl ester. Dibutyl phthalate-acetone mixtures 
in this proportion will not divssolve cellulose 
acetate even in these very dilute solutions. The 
third curve in Fig. 8 is that obtained with the 
same cellulose acetate in a 50 % mixture of 
acetone and triacetin : the crossing of the phtha- 
late curves is somewhat unexpected, but the high 
slope shows that triacetin is an efficient plasticiser 
with good compatibility. If there is very strong 
dipole interaction the curves obtained may be 
very different in nature. Thus benzene, added 
to a dilute solution of cellulose acetate in cresol 
raises the viscosity, although it acts as a pre- 
cipitant if added in sufficient quantity. Here 
presumably the cellulose acetate forms a compact 
complex with the cresol possibly with hydrogen 
bonds, and this complex is broken down by 
benzene into the original structure of extended 
long chains. However, when such extreme con- 
ditions are avoided, this method of approach 
always gives results which are in good agreement 
with the plasticising action of the liquids used, 
when this is known. 

Discussion. 

The experiments described here clearly lead 
to the following conclusions. In all the mixed 
solvent experiments the comparative slopes of 
the viscosity curves are paralleled by the equi- 
librium swelling in the pure plasticiser and the 
slopes do represent the known series of plasticiser 
compatibilities. As a purely experimental’ method of measuring com- 
patibilities viscosity measurements of this type seem very satisfactory. 
It remains to see how far the experimental results are in quantitative 
agreement with any theoretical predictions. The theory previously 
developed® to account for solvent effects basically assumed that the 
value of ijgp/c at zero concentration was proportional to the mean square 
length of the molecule, according to calculations of Huggins and iCuhn.i^ 
Finite values of iiu, the interaction between polymer and solvent, alter the 
value of IJ in such a way that = (i -f a')LQ^ where a' depends both 
on w and on the concentration c. In the limit of zero concentration, and 
of course when there are no heat effects, a' tends to zero. No further 
specific account was taken of the possible ejects on the viscosity of 

Huggins, J. Physic. Chem., 1939, 43, 439, 

Kuhn and Kuhn, Helv. Chim. Acta, 1943, 26, 1394. 



Fig. S. — ^Viscosities 
of dilute solutions of 
cellulose acetate in 
50 % mixtures of ace- 
tone and plasticiser, 
25° C. 

A, Dimethyl phthalate. 

B, Diethyl phthalate, 

C, Triacetin. 
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increasing interaction between chains. The final equation derived for 
was witten 



so that the slope of the T/^p/c — c curve should be a linear function of wIkT. 
In mixed solvents of the type defined and considered here, can be 
similarly calculated as a linear function, of wjkT' where w is the single inter- 
action between the polymer and plasticiser Sa : i^sp/c should also be a linear 
function of the volume fraction of liquid Sa in the solvent ipixture. An 
obvious’ experimental check on the validity of these assumptions would 
be to measure directly AH, the heat of mixing of the polymer and plasticiser. 
The direct calorimetric measurement of AH is not easy and indirect measure- 
ments have to be devised which are experimentally more feasible. Gee 
and Treloar * showed that the heat of mixing of rubber and benzene was 
nearly equal to that of benzene and a simple hydrocarbon. This suggests 
that calorimetric measurements with systems of plasticiser and monomer 
should give AH values closely related to the interaction between the 
plasticiser and the polymer link. Experiments on these lines are at 
present being carried out by Mr. P. Meares in this laboratory. Un- 
published results on ethyl acetate-alkyl phthalate systems confirm the 
interpretations placed on the viscosity results shown here in Figs. 2-4, 
This agreement and the good correlations found with swelling data clearly 
show that there is a close connection between the slopes of the viscosity 
curves and the polymer solvent interactions. The exact form of this 
relationship is, however, not yet experimentally proved. 

Further quantitative agreement with the theory is not obtained. The 
effect of solvent is essentially one of the second order. The viscosity 
ratio 1/sp/c increases with concentration in any solvent due to increasing 
interference between the chains, so that the B' term in the equation for 
is large and positive and to a first approximation independent of 
temperature. The BwjkT term is something like a correcting factor. 
Since i/r varies only slightly in the range 25° €.-50° C,, the effect of tem- 
perature on the slope of the curve should be very small, and probably witluii 
' the experimental error. The large variations which are obtained exjjcri- 
nientally contradict this and the disagreement is serious. Qualitatively 
the predicted efiect of temperature is in the right direction ; a.s tlac tem- 
perature rises, the molecular movements become increasingly strong, 
the random configurations of the chains become more proliahlc and the 
unbiased viscosity is favoured. The reasons for this failure to account 
exactly for the experimental results must be due to the crudeness of i;lie 
underlying assumptions. In the original theory the use of 'Huggins’ 
equation, assuming proportionality between t/hd/^ and /A valid only 
in the limit of zero concentration. A.s the concentration increases this 
relationship ceases to hold exactly and the theory obviously did not talct; 
sufneient account of the increasing resistance to Ilow caused by increased 
contacts between chains. As the concentration increases then, inter- 
ference between, the chains accentuates and eveutually ovcrmaslcs tlxe 
sm<all effects originally considered. As the chains uncoil in a 
solvent, there will of course be increased contacts between separate chains 
and the slope of the viscosity curve will be high. Qualitatively the 
suggested solvent effects will account for the experimental results, but a 
quantitative relationship between the polymer-solvent interaction and 
the slope of the viscosity curves, although demonstrated experimentally, 
remains theoretically unproved. 

Summary, 

The general problems of plasticiser compatibility is discussed and it 
is suggested that a comparative measure of the compatibility can be 
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obtained from experiments whicli measure polymer plasticiser interactions 
(zfi;). Experiments are described whicli measure the viscosity of dilute 
polymer sol^tioI^s in vSiiitahle mixed solvents containing the plasticiser 
in question. The slope of the — c curve is shown to be related to the 
equilibrium extent of swelling of the polymer in the pure plasticiser and 
in general the slope of: the curve is a good comparative measure of the 
plasticiser’s compatibility. The effect of temperature and composition 
of the mixed solvent is also discussed. The experiments are considered 
in the light of a previous theory of the effect of solvent on the i^sp/c ratio : 
the results do not support the suggested view that the slope of the 
— c curve is a simple linear function of wjkT, 

My thanks are due to the Geigy Cok)ur Company, and to Boake, 
Roberts & Co. Ltd. for the supply of materials. I should like to express 
my thanks to Professor E. K. Rideal, F.R.S., for much encouragement 
and' advice and also to Dr. G. Gee for his help in the presentation of this 
paper. 

Department of Colloid Science, 

The University, Cambridge. 
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The Ultra -fine Structure of Goals and Cokes. (The Proceedings of a 
Conference held in London, June 24th and 25th, X943, by the British 
Coal Utilization Association.) H. K. Lewis and Co. Pp. 366. 
Price 25s. 

Coal has traditionally been regarded in this country mainly as a source 
of heat and power, and for this reason, the amount of published fundamental 
research on this material has been almost negligible. It is now being 
recognised that coal can, in addition, provide the basis for a great new 
chemical industry, and this view stresses the importance of long range 
investigation into its properties. 

The Proceedings record the success of the conference in bringing to- 
gether those primarily interested in the production and use of coal, and 
scientists from the Universities and Technical Colleges. 

It is agreed that the subjects chosen are difficult, but it is disappointing 
to find so little reference to the contribution which can be made by organic 
chemical research. Questions of the physical structure of coal are treated 
in some detail and there is much here to command the interest of the physi- 
cist and the physical chemist. 

The papers are grouped in sections, each section being followed by a 
verbatim report of contributions to the discussion. 

In the principal section of the Proceedings, ten papers are devoted to 
the structure and deformation characteristics of coal, and the authors 
wisely adopt methods which have been applied so successfully to the 
structure of polymeric materials. The topics dealt with, include the 
colloidal and internal structure of coal, its surface properties such as 
adsorption, surface area and heat of wetting, and the elastic constants of 
coal. 

Another section deals with the application of X-ray methods to the 
determination of structure, identification of non-coal minerals and measure 
ment of crystallinity. 
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Other sections jncltide papers dealing witli the determination of optical, 
magnetic and electrical properties, with the infra red .spectrum of coal, and 
with the use of the electron microscope in coal research. 

The volume contains complete author and subject iudexe.s, and the 
quality of reproduction of photographs and diagrams is excellent. The 
Proceedings should be of the greatest use to all those interested in coal, 
or in the general structure of materials, and each of the twenty-two papers 
is worthy of study. They do, however, convey the impression that this 
is a collection of papers and not an integrated document. No attempt has 
been made to illustrate the plan underlying the work on the ultra-iine 
structure of coals and cokes. Perhaps this will be done in a 1 titer publica- 
tion. 

C. S, 

Determination of Particle Size in Sub- Sieve Range. Report of Dis- 
cussions. Published jointly by the British Colliery Owners Research 

Association. The British Coal Utilization Research A.ssociation. 

(London, 1944. Pp. 69. Price 7s. 6d.) Obtainable from H. K, 

Lewis & Co. 

In these times a knowledge of the properties of fine particles finds an 
application in most branches of scientific work- Particle size and size 
distribution in the sub-sieve range is as important in mineral physics and 
hydrology as it is in say rubber or paint technology. Wliat used to be 
regarded simply as a problem for the colloid physicist is now a day to day 
occurrence in many industries. Yet, although much progress has been 
made, the subject requires more investigation before its theoretical basis is 
clear. 

The wide attraction and importance which the subject holds in this 
country is evidenced by the diversity of interests repre.sented by researcli 
workers from Government, University and Industrial laboratorie.s, who 
took part in the series of discussions of which this document is a record. 

To quote Dalla Valle (the author of ' Micromeritics ') ” the character- 
istics and behaviour of .small particles can be understood satisfactorily 
only when the methods of determining size distribution arc placed on a 
firm basis The present publication doe.s much to clarify the po.sition. 
It contains perhaps the clearest exposition available of tlie {idva,ntage.s and 

limitations of three well-known methods of .size determination- -the direci: 

microscopic count, measurement of light extinction jiroperties, iiud i;h(^ 
Andreasen pipette method. 

The book falls naturally into three sections, opening with an account of 
an informal exchange of views between a number of worlcet.s, followed by 
an excellent account of experimental work based upon the three selected 
methods, and concluding with a discussion of the findings in relation to the 
development of methods which can be considered adequately reproducible 
and accurate. 

The general conclusions reached are in agreement with those of the 
American Society for Testing Materials (Symposium on Particle Siu 
Measurement, 1941). namely that the Andreasen pipette method is ac- 
curate and rapid for. particle.^ down to 25/A, turbidity methods arc most 
useful for rapid control determinations, while for particles in the colloid 
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range, or for heterogeneous powders, microscopic or centrifugal methods 
are necessary. 

The conference was unanimous in recommending the further investiga- 
tion and use of light extinction methods in cases where particles of ano- 
malous light extinction properties are absent, and where large divergences 
from a mean density do not occur. 

The Research Associations are to be congratulated on the success of 
their enterprise, and it is to be hoped that future discussions will attract 
even wider interests to contribute to rapid development of this held. 

R. C. S. 

Systematic Inorganic Chemistry. By Don M. Yost and Horace 
Russell, Jr. (New York, Prentice-Hall, Inc., 1944.) Dp. xx -[- 423. 
Price |6.oo. 

The title of this book, as printed on the cover, is not fully justified 
by the contents ; the real title of this interesting work appears only on 
the title page : Systematic Inorganic Chemistry of the Fifth- and Sixth- 
Group Non-metallic Elements'' and therefore it can be valued and judged 
only on considering this essential restriction. The book is a monograph 
of a new kind (new in the best sense of the word) on a relatively small 
cross-section of inorganic chemistry- The authors justify their choice 
with the argument that “ the non-metallic elements of the fifth and sixth 
group of the periodic system” ” and their compounds, besides being 
of great practical and theoretical interest in themselves, exliibit in their 
properties and reactions, characteristics that are common to many other 
substances both inorganic and organic." 

We have here, therefore, the remarkable experiment of expounding 
chemistry as a whole by the example of a few chemical elements, in the 
same way as one seeks to convey the configuration of a wide expanse of 
country by stressing its most characteristic landmarks. In both cases 
one may doubt which points to choose; a "horizontal cross section" 
through the periodic system would perhaps be more characteristic for 
chemistry than the "vertical cross section” preferred by the authors, 
or — ^perhaps even better — one section as well as the, other. However, 
once the choice is made, we have to consider how far the authors succeed 
in their aim " to cover a selected list of chemical topics and to include in 
the divscussion of each enough of both the old and the new chemistry to 
bring out the most important features of the substances examined.” 

The authors have succeeded excellently in welding together old, well- 
known facts and new basic principles. Out of the fusion of old and new, 
to use the authors^ words, a monograph has arisen which gives an inter- 
esting insight into chemistry and chemical research by way of consideration 
of the elements N, P, O, S, Se and Te. 

The work under review claims to be neither a textbook nor a handbook ; 
its contents lie between these extremes. It is not a textbook, for it pre- 
sumes knowledge of essential " .spectroscopic, structural, thermodyiiamic, 
chemical kinetic and nuclear properties " and that perhaps to an extent 
too large. There is, for instance, no explanation of the standard states 
(which are, after all, fixed arbitrarily) for the numerical values of the free 
energies of foriuation — the note " acp a 1," p. 85, Table 22, cannot 
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replace such an indication. The detailed, treat, ment of the results of 
nuclear physics is certainly not unjustified ; a tnore thorouf^di treatnieni; 
of reaction kinetics (energy of activation, stationary states, chain j'eactions) 
was probably made impossible by limitations of space, though the I)ook 
offers even, in this branch many well thought out suggestions for '‘the 
research man or advanced student.” 

This monograph does not make any claim to completeness, i.e. it is 
not a handbook. It is i*estricted to critically selected references which 
are “ either significant ... or ones that will provide tlie reader with a 
convenient key to further information.” Some modern references to the 
Landolt reaction, p. 329, might have been ‘included. 

The subject-matter is arranged in the following manner : each 
element is dealt with, furthermore the compounds of ’N and .P with 
O and S, the componnds of the elements of the sixth group with H. and 
in varying order the halides, oxyhalides and oxyacids. A sei:)arate, most 
interesting chapter is given to ammonia — ^the excellent exposition of the 
solutions of alkali metals in liquid ammonia is especially noteworthy, 
There is also a separate chapter on the Per-compouncls. The treatment 
of the thionic acids (thiosiilphuric acid and polythionic acids) separately 
from the other sulphur-oxy-acids may seem imusual, though justified. 

The short descriptions of technical processes arc excellent in their 
conciseness. All figures and tables are clear and di.stinct. A number of 
tables in the appendix are useful. 

A few minor discrepancies may be mentioned. The free energy of 
formation of SO2 {g) is given as —69660 (25" C. ?) in Table 88, p. 318, 
and as —71735 cal. (25° C,) in Table 97, p. 342 (both values are, admittedly, 
found in the literature). The value of the free energy of formation of 
H30(?) (25° C.) in Table 67, j). 270, is slightly different from the usual 
—56560 cal. ; at this point (c/. Table 97, p. 342) quotation of the source 
would be useful, considering its importance. The lettering of the abscissa 
of Fig, 68, p. 340, requires some explanation. Bocienstein's collaborator, 
Z, physik, Chem. 1922, 100, 68, is Lindner, not Linder. 

The book bears the stamp of the California Institute of Technology, 
this well-known plcice of learning and research, and is dedicated to Professor 
William C. Bray, “able scientist, inspiring teacher”; this homage will 
be welcomed warmly by scietiti&ts on both sides of the Atlantic. 


K, A. 



^bc jfataba^ Sodeti^, 

Minutes of the 38th Annual General 
Meeting 

Held fill 'Ijiesdriy, .iiirl J:j.iiu;i,i-y, .1,1,45, at, 5 p.tii, at King’s College, London, 

W.C. 

'I'he President, I'mlcKKor I-;. K. Kideid, D.Sc., F.R.S,, was in 

ilu'. <'hair. 

i. 'riic Miiiiilos of tkc 37ti,i Ainiuar Gerienil Meeting, which had been 
pririixul it) Volnnu^ XL on pages c)t and 02, were taken as read and 
^confirniod. 1 'he Secretary briefly referred to the publicity which had 
been given. a,s directed at the last Aumial General Meeting, to the 
messngi^ frotn two Russian colJeagues. 

c. The Annual Report and Statement of Accounts, together with the 
report of the Auditors for 1943, were presented by the Honorary 
Treasurer and were unanimously adopted. Before calling upon the 
Honorary Treasurer formally to move the adoption of the Report, the 
President expressed his pleasure at the continued growth of the member- 
ship despite the difficulties due to the war, and briehy referred to the 
activities of the Society during the year. He said that the Council 
were c<insklering the possibility of giving to those members who were 
also tn embers of one of the chartered chemical bodies the like privileges 
(a,s i;o a slightly reduced sub.scription and the joint payment of sub- 
scriptions) as were already accorded to members of the Institute of 
Physic.s and of the allied overseas Societies. Tliere would sliortly be 
a, meeting between the council's representatives and representatives of 
the Chemical Council to discuss the possil.)ility of the Faraday Society 
co-operating with the Chemical Council in their " points .scheme. The 
proposals they had in view would in no way affect the independent 
management of the affairs of the Society by its own officers, such a.s the 
holding of its General Discus.sions and the production of the Transactions 
in its present form, and members who desired to pay their subscriptions 
direct to the Society’s offices would always be able to do so. The 
proposed co-operation would, it was felt, not only l>e a convenience to 
many present members of the Society, hut would in all probability induce, 
increasing numbers of physical chemist.s, not only in this country but 
more [particularly in the Pfpnuuions and (Overseas, to joixi the Society. 

X03 
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3. The Officers and Ordinary Members of Council were elected as follows : — 

President 

pROX^ E. K. Rideal, D.Sc., F.R.S. 


Vice-Presidents who have held the Office of President 

Sm Robert Robertson, K.B.E., D.Sc., F.R.>S. 
Prof. F. G. Donnan, C.B.E., Ph.D., F.R.S. 
Prof, C, H, Desch, D.Sc., F.R.S. 

Prof. N. V. Sidgwick, Sc.D., D.Sc., F.R.S. 
Prof. M, W. Travers, D.Sc,, F.R.S. 


Vice-Presidents, 

Prof. J. E. Coates, O.B.E., D.Sc. Prof. W. C. M. Lewis, D.Sc., M.A., 
Prof. A. Finoeay, Pres. R.I.C., D.Sc. F.R.S. 

Prov. W. E. Garner, D.Sc., F.R.S. Prof. S. Sugden, D.Sc., F.R.S, • 

R. Lessing, Ph.D. 


Honorary Treasurer, 

R. E. StABB, D.Sc. 

Chairman of the Publications Committee, 
Prof. A. J. Aelmand, D.Sc., F.R.S. 


Ordinary Members of the Council, 


T. Beacall. O.B.E. 

C. R. Bury, B.A. 

A. Caress, B.A., Pir.D. 

Prof. M. G. Evans, D.Sc. 

R. W. Lunt, Ph.D. 

Prop. H. W. Melville, Ph.D., F.R 


Prof. M. Polanyi, B'.R.S. 

IL W. Thompson, M.A., B.Sc., D.Phil. 
O. J. Walker, Ph.D. 

O. H. Wansborough-Jonils, M.A., 
Ph.D. 


4. The thanks of the Society were accorded with acclaniatioii to tli® 
retiring Officers and Members of Council for their services. 


This concluded the business of the meeting, 



THE NUMBER OF ARRANGEMENTS ON A LATTICE 
OF MOLECULES EACH OCCUPYING SEVERAL 
SITES. 


By E. a. Guggenheim, 

[Department of Chemical Technology, Imperial College, London.) 

Received 315^ July, 1944. 

1. Introduction. — ^The number of distinguishable ways of arranging 
N molecules each occupying two sites (dimers) on a lattice of N, > 'zN 
sites was determined by Chang ^ using a modification of Bethe's method 
of constructing a grand partition function for a sample site and its immedi- 
ate neighbours. The same method was applied by Miller ^ to determine 
the number of distinguishable ways of arranging N molecules, each occupy- 
ing three sites (trimers) on a lattice of iV, > 3 AT sites. By extrapolation 
Miller correctly guessed the formula for N molecules each occupying 
r sites (f-mers), but did not attempt any proof. 

In a recent paper ® I have by an entirely different method derived a 
general formula for the number of distinguishable arrangements of a 
mixture of any number of types of molecules each with its own geometric 
properties. This treatment obviates any need for extending Chang's 
technique to polymers with r > 3 or to mixtures of two or more types of 
molecules. There would nevertheless be some satisfaction in confirming 
that my method and Chang’s do in fact lead to the same formulae in more 
complicated cases. It is accordingly the object of this paper to apply a 
simplified modification of Chang’s technique to two more complicated 
assemblies and to verify that the results are in agreement with the general 
formula obtained by my alternative method. The two examples chosen 
are (a) the arrangement oiNx trimers and dimers on > 3^7* zNjy 
sites, and (6) the arrangement of N tetramers on sites. 

2. Notation. — Let Ni denote the number of molecules of type i each 
occupying r^ sites, the total number of sites, and the number of 
empty sites, so that 

T.r.N,. .... (2.1) 

Let 6 denote the fraction of sites occupied by molecules of type i, so 

that 

= TiNi, (2.2) 

(I - (2.3) 

Let z denote the number of neighbours of any given site. Then the 
number of sites which are neighbours of a molecule of type i is not ViZ (except 
in the trivial case = i) but say qiZ, where qi < ri because some of the 
sites adjoining a site occupied by an element of an i molecule are occupied 
;by the next element of the same molecule. In the present paper I shall, 
for the sake of simplicity, consider only rigid straight chain molecules. 

“ For these the relation between qi and ri is 

— <li) = 2(»'i - I) (2-4) 

1 Chang, Proc. Roy. Soc. A, 1939, 169, 512 ; Proc. Canib. Phil. Soc., 1939, 35, 
265. 

^Milier, Proc. Camb. Phil. Soc., 1942, 38, 109 ; 1943. 39» 54. 

3 Guggenheim, Proc. Roy. Soc. A, 1944, 183, 203. 
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Let oTi denote the symmetry number equal to 2 or i according as the 
molecules of type i have or have not a centre of symmetry. Let A denote 
the partition function of a molecule of type i attached to a specified set of 
Vi sites. 

Let g(Ni, No) denote the number of distinguishable ways of arranging 
the mixture of Ni molecules of each type i on the sites leaving No sites 
empty. 

Let F denote the free energy of the assembly and ixi Gibbs’ partial 
potential for the molecules of type so that (at negligible pressures) 

F = ^iNijMi, (2.5) 

lF/-bNi - /xi (2.6) 

Finally, let denote the absolute activity of the species i defined by 
fMi = kT log Af, (2.7) 

where k is Boltzmann’s constant and T is the absolute temperature. 

3. General Configurational Formulae. — My previous paper ® was 
concerned with liquid mixtures and accordingly No was tacitly assumed to 
be zero. The formula there obtained for g{Ni, 0) for rigid straight molecules 
is 

^ogsiN,, 0 ) = iz log { 2 ,q,N,) I - iT,. log N , ! ~ - i) log (U.r.Ni) ! 

+ HiNtlogis/cr^). . (3.1) 

This formula is immediately extended to the case Nq 4* 0 in the form 
log i{N,, No) - iz log {No + \ - log Nol- Si log Ni ! 

-- (iz - i) log {No + SiViNi ) ! -f SiNilog {zftji), (3.2) 

If the independent variables are changed from Ni, No to Ni, N„ by using 
(2.1) one obtains 

log^(iV„ AT,) - i^^log {N, - Siln - ! - log {N, - iT.r.AT,) ! 

— r, log Ni I ~ {iz - I) log N , ! -h FiNi log {z/ci). . (3.3) 

In the assemblies considered by Chang and those to be considered in the 
present paper is a constant characteristic of the assembly ; for this 
reason (3.3) is more useful and relevant than (3,2) in which No is implicitly 
dependent on the iV/s. 

4. Thermodynamic Functions. — g{Ni, N^) is closely related to the 
thermodynamic properties of an assembly consisting of iV, sites over which 
are distributed Ni molecules of each type i wlien there is tio mutual inter- 
action energy between any two molecules. This typo of asseml>ly is 
model suited to cexTain problems of adsorption of a perfect gas on, a solid 
surface. Chang concerned himself both with assemblies of this tyjie and 
also with assemblies with non-zero energy of interaction between pairs of 
molecules. It is important to emphasise that zero energy of iutemx:ti<'>n 
is an essential condition of the following treatment. 

The free energy F of such an assembly is (at zero or negligible pressure) 
related to g(Ni, Ng) and the partition functions A by 

F = - kT log g{Ni, N,) » kTSiNi log A- • • ( 4 -i) 

Substituting from (3.3) into (4,1) and differentiating with respect to Nj, 
keeping Ng constant, one obtains for 

1.,/kT ^ iz{y, - q,) log (N, - log (N« -- 

+ log{N,a,/M, . (4.2) 

or using (2.4) 

^i/kT = (n- - I) log {N. - - I]N,) - log {N. - 

+ log (4,3) 
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The corresponding formula for the absolute activity Xj is according to 

(2.7) 

, ^,NAN. - 22;, [r, - 

M ' • • W-4) 


or from (2.2) 


- ^iOiY 


(4'5) 


Whereas formulae (3.3) and (4.5) are derivable from each other by purely 
thermodynamic reasoning, it is (4.5) which is obtained the more directly by 
Chang’s method. The two special cases of (4,5) which will be derived by 
Chang’s method are the following. 

(a) For a mixture of trimers T and dimers D 


(b) For tetramers 



07’^ I ' 
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5 . Number of Sample Sites. — In obtaining a formula for for 
dimers, from which he derived the corresponding formula for g{N, Ng), 
Chang used two central sites and all their 2{z — i) other nearest neighbours. 
Miller, on the other hand, showed that for the particular end in view it 
would have been sufficient to use one central site and its z nearest neigh- 
bours. He also used this set of sites to determine X^fr trimers. Miller 
expressed the view that the extension of the method to more complicated, 
assemblies would be “ extraordinarily complicated ”. Actually the 
number of sites used by Miller is still unnecessarily great. The minimum' 
requirement of the set of sites is that there shall be room on it for at least 
one molecule of any of the types considered. Thus for dimers it is sufficient 
to consider only 2 sites, for rigid trimers only 3, for rigid tetramers 4. It 
is this reduction in the number of sites considered, which has enabled me 
without undue labour to progress further than Chang or Miller. I would 
again emphasise that this simplification in procedure is restricted to 
assemblies with zero energy of interaction between the molecules. 

6. Parameters in Grand Partition Function, — ^The grand partition 
function for the selected sample set of sites consists of a sum of terms, one 
term for each distinguishable manner of occupation of the set of sites. 
Each of these terms is a product of factors corresponding to the several 
molecules or parts of molecules occupying any of the sites. Each molecule 
of type i completely located on the sample set of sites contributes a factor 
Xifi. Each empty site contributes the factor unity. On the other hand, 
the factor contributed by molecules of type i partly located on the sample 
set of sites is not Xji nor any fractional power of ; such a factor is 
represented formally by a symbol such as or or The relation 
between these extra parameters and the A^/f’s has then to be determined 
by equations expressing the condition that each site of the sample set is 
equivalent to any other site. I shall refer to such equations as equivalence 
conditions. 

As the present discussion is restricted to assemblies of molecules with 
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zero energy of intera-ction, the parameters of the form ^ usually 

denoted by 17, reduce to unity and are therefore not required, 

7. An Assembly of Trimers and Dimers, — ^For the treatment of a 
mixture of Nf rigid straight trimers and Nd dimers on Ns sites 1 use a 
sample set of 3 sites, namely a central site a and its two neighbours b and 
b'. For the sake of brevity I assume that both types of molecule have 
centres of symmetry. There is no difficulty in amending the argument to 
deal with unsymmetrical molecules. The number of distinguishable 
orientations of each molecule becomes doubled with the final result tliat 
^/has to be replaced by /in accoi'dance with formula (4.5) to (4.8), The 
distinguishable methods of occupation and the corresponding terms in. the 
grand partition function are collected in Table I, 

The first column merely gives a number by which to refer to each type 
of configuration. The second column specifies the configuration or type 

of configuration. 
The central site a 
is labelled T if oc- 
cupied by a trimer, 
by D if occupied 
by a dimer, and by 
0 if empty. When 
the central site and 
either neighbour 
site are occupied 
by the .same mole- 
cule, the neighbour 
site is labelled in 
the same manner 
as the central site 
and a hyphen is 
inserted. When 
either neighbour 
site is not occupied 
by the same mole- 
cule as the central 
site, its manner of 
occupation is left 
unspecified and it 
is labelled U. In this case the relevant contribution to the grand partition 
function is a sum of terms corresponding to the alternative methods of 
occupation of the site or sites labelled IL 

The third column contains the terms of the grand partition function 
corresponding to the configurations given in the second c(.)lumu. '.rhese 
entries will be discussed in order of simplicity. In configuration 1 a single 
trimer occupies all three sites and so contributes the term In con- 

figurations 4 and 4', which are mirror images of each other, a dimer <.)ccupics 
two of the sites and so contributes a factor Aj/^, ; the factor contributed 
by the remaining site is i if it is empty and is by defniitiou €t or accord- 
ing as it is occupied by a trimer or a dimer. In configuration 6 the central 
site being unoccupied contributes unity, and each of the neighbour sites 
contributes factors 1 or or e^), according to its manner of occupation. 
It is iinportant to observe that the use of the same factors in con- 

figurations 4 and 6 (also in 2, 3 and 5) is dependent on the essential condition 
of zero energy of interaction leading to complete randomness in the 
arrangement of the molecules. 

In configurations 2 and 2', which are mirror images of each other, the 
central site and one of its neighbours are occupied by two elementvS of the 
same trimer. The factor contributed by these two sites is defined as 
The factor contributed by the remaining neighbour site is i or 
just as in configurations 4 and 6. 


TABLE I. — Rigid Straight Trimers T and Dimers D 
ON A Central Site a and 2 Neighbour Sites h 

AND 6', 


Reference 

Number. 

Configuration 

b a N 

I 

T—T—^T 

2 

T~T U 

2' 

U T—T 

3 

U T U 

4 

D—D U 

4' 

U D~D 

5 

[ U D V 

6 

u n u 


Term ia Cxrand Partition 
Function. 


Xyfr 

-h 4* 

-f- €7' -f Gq) 

+ ^7’ + ^d) 

+ St’ 4- ejj) 
— l)^7)(l + 

(i 4- €7- 4-' €7))^ 
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In configuration 3 the central site is occupied by one element of a 
trimer which does not occupy either of the neighbour sites. There are 3 
elements of this trimer, any one of which may occupy the central site, and 
there are — i alternative orientations other than that already dealt 
with under configurations i, 2 and 2^ Each of these alternative — i) 
configurations has an equal weight, and so contributes the same factor to 
the grand partition function ; this factor is denoted by The two 
neighbour sites each contribute as usual a factor which may be i or 
or €j). Configuration 5 is similar to 3 except that the central site, instead 
of being occupied by a trimer, is occupied by a dimer which can have 
2(j2 — i) alternative configurations other than those already included in 
4 and 4'. Each of these configurations contributes the same factor, which 
is denoted by Cd- *1^^® neighbour sites make their usual contributions 
of I or 6^ or €j). 

The next step is to write down the equivalence conditions which will be 
required to eliminate the parameters is clear 

that configurations i, 2, 2' and each one of the 3 (I-? — i) configurations 
included in 3 are equivalent. 

It follows that 

+ €n)“* • • (7*^) 

Similarly from the equivalence of configurations 4 or 4' and each one of 
the 2{^z — i) configurations included in 5 it follows that 

^ d/d — ^z)(i + ej’ + €£>) , . . . (7.2) 

Comparison of the terms corresponding to site a empty, site b occupied 
by a trimer with those corresponding to a occupied by a trimer, h empty 
leads to the equivalence condition 

-h + ^i>)> • (7-30 


which by the use of (7.1) reduces to 

«r=K3^-4)^r (7-3) 

Similarly comparison of the terms corresponding to site a empty, site b 
occupied by a dimer with those corresponding to site a occupied by a dimer, 
site b empty leads to the equivalence condition 

“h ^d) = ^d/d + ^( 4 ^ + ^d)> • ( 7-40 

which by the use of. (7.2) reduces to 

= (2 - i) fz) (7-4) 

Finally the ratios dj)' — 0 ^ — Gd) are equal to the ratios of the 
terms corresponding to the central site a being occupied by a trimer or 
occupied by a dimer or being empty respectively. Collecting together 
these three kinds of terms and using (7.1) and (7-2), one obtains 

d’pi dj) : {i — Ot — Gd) = {r'S'^r - ■ • (7-5) 


This completes the set of relations required. It only remains to eliminate 
so as to obtain relations between Xjyfu and Q^, Gd. 
Solving (7.5) for and Cd> obtains 


Kt = 

— 


26t 


32 '(i — dr ~~ Gd) 



z[i — Gr — Gj^ 


(7.6) 


(7*7) 
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From (7.3) and (7.6) it follows that 


■ 




Bt — Qn 


and from (7.4) and (7.7) 


^j) ■ 




whence 


I + €7 


e/) 




V} 

z 


i 

Now substituting from (7.6) and (7,10) into (7.1) one obtains 

4^r 




Similarly substituting from (7,7) and (7.10) into (7.2) one finds 
^nji) 


3 ^ 


’i) 


^(1 - Or ~ 0 d )^ 


(7.8) 


(7-9) 


(7.10) 


{7.11) 


(7.12) 


It will be observed that (7.1 1) and (7.12) are identical with (4.6) and 
(4.7) respectively when one puts or — <rD 2* I't is 'thus confirmed that 
Chang’s method applied to an assembly of trimers and dimers leads to 

formula in complete 

TABLE II. — Rigid Straight Tetramers on - _ - 

4 Sites of which a , a * are Central and &, h ' 

THEIR Respective Neighbours. 


agreement with those 
of my previous paper. 

8, An Assembly of 
Tetramers, — For the 
treatment of N rigid 
straight tetrainer.s on iv, 
sites, I use a sample set 
of 4 sites, namely two 
central, sites a, a' and 
their respective neigh- 
bours 6, ?/. For the 
sake of brevity I again 
asstimo that the mole- 
cules have a centre of 
symmetry , The distin- 
guishable methods of 
occupation and the cor- 
responding termvS in the 
grand partition function 
are collected in Table II. 

As the construction 
of Table II is in many 
respects similar to that of 
Table I, I shall describe 
it as briefly as possible. 
In the second column 
each central site a or a' 
is labelled T if occupied 
by a tetramer, and by 0 
if empty. Sites occu- 
pied by the same tetramer are connected by a hyphen. When the two 
central sites a and a' are occupied by different tetramers, both are 


Reference 

Number. 

Configuration , 
ha y 

Term in Grand 
Partition Function. 

I 

T—T—T—T 

A/ 

2 

T—T T—r 


3 . 

u 

4“ €) 

3 ' 

u 

( 1 : -1- *) 

4 

J\^T T U 

4(i« - + «) 

4' 

U T T~~r 

4(i- - 

5 

0 u 

+ «) 

5' 

U 0 T-^T 

+ f) 

6 

U T T U 

+ ef 

7 

U T 0 U 

4(i^" - i)G(i + 


U 0 T U 

- i)G(i + 

8 

U 0 {) U 

(I + «)> 
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labelled T but they are not connected by a hyphen. When either neigh- 
bour site 6 or 6' is not occupied by the same molecule as the corresponding 
central site a or a\ its manner of occupation is left unspecified and it 
is labelled U. 

The third column gives the terms in the grand partition function 
corresponding to the configurations shown in the second column. Con- 
figuration I is the only one in which a complete molecule is located on the 
set of sites, and it contributes the term A/. Each neighbour site h or 
when not occupied by the same molecule as the corresponding central site 
a or a\ contributes a factor i if empty and a factor denoted by € when 
occupied. The use of the same factor € throughout is a consequence of 
the essential assumption of zero energy of interaction. It follows that 
configuration 8, in which the two central sites a, a' are empty, contributes 
the factor (i -j- e)^. 

Of the remaining configurations certain pairs denoted by the same 
number primed and unprimed are mirror images of each other, and so 
contribute identical terms. The factor — i). which occurs in several 
places and occurs squared in configuration 6, is the product of the number 
of distinct elements in a tetramer, namely 4, and the number of distinct 
orientations other than that along the line haa'b', namely — i). 
The remaining factors denoted by fa. • • • parameters defined by the 

table. 

One now has to write down the equivalence conditions required to 
eliminate ^2. • • • ^7 ^-nd e. Comparison of configurations i, 3, 5, 7 leads 
to the equivalence conditions 

V = ^3(1 + ') = + «)“ = + «)* • • (8.1) 

and comparison of 2, 4, 6 to 

^2 = + «) = l6(l + «)'• • • - (8.2) 

A relation between and can be obtained as follows. Consider 
only those configurations in which no two of the sites b, a, a\ b' are occupied 
by the same molecule. These configurations are 6, 7, 7' and 8. In such 
configurations it is clear that the manner of occupation of the pair of sites 
a is independent of that of the pair of sites a' b\ From this it follows 
immediately that fa : f, is equal to f 7 : i, whence 

U - ^7^ (8.3) 

Another equivalence condition is obtained as follows. Form the sum of 
the terms corresponding to the configurations, 5 and 7, in which a is 
occupied and a' is empty and take the ratio of this sum to the term corres- 
ponding to the configuration 8 in which a is empty and is empty. This 
ratio must be equal to the ratio of the sum of terms corresponding to a 
occupied, b empty to the sum of terms corresponding to a and h empty. 
But the latter ratio is e. Hence 

+ «) + 4 (ig - 1)17(1 + 

(1 + <)* 

which by use of (8.i) reduces to 

«==(22-3)f,. 

Finally one forms the sum of all terms corresponding to configurations 
1 1 2, 3, 3^, 4, 4', 5, 6, 7 with a occupied and the sum of the remaining con- 
figurations 5', 7', 8 with a empty. One then equates the ratio of these 
sums to 9 /{i — 6 ). One thus obtains a rather long formula, which, 
however, by use of (8.1) ~ (8.4) reduces to 

6 2Z£ 


( 8 - 4 ') 

(8.4) 


I — fl 2^ — 3 


(8.5) 
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whence 



(22 - 3 )« 

^ 2.sr(l — 9 )* 

. (8.6) 


2 Z — 30 

2z(i -e) 

• (8.7) 

Finally from (8.1) 

1, (S.4), (8.6) and (8.7) one obtains 


This can be rewritten 

e(i + €)»_ 0 { 2 Z ~ 

J - 3 l2zy{i - oy 

as 

2 4-2'(i --0)* 

. (8.8) 


• (8.9) 


which is identical with (4.8) when one sets o- = 2. Thus for an assembly 
of tetramers Chang’s method again leads to complete agreement with that 
of my previous paper. 

9 . An Assembly of Dimers. — It has already been mentioned that an 
assembly of dimers only was treated by Chang using 2 central sites with 
their 2(z — i) neighbours and later by Miller using a single central site 
with its ^ neighbours. ' I shall now show briefly that for the treatment 
of such an assembly it is sufhcient to consider two sites, a central one a 
and a neighbour b. 

When a dimer occupies both sites the term in the grand partition 
function is A/. When the central site a is occupied by a dimer, which 
does not also occupy the site b, the contribution to the grand partition 
function is written as (z — i) ^(i -f- c). When the central site a is empty 
the contribution to the grand partition function is (i + c). 

The equivalence conditions are 


(9.1) 

(-a' — i)f = , . . (9^2) 

^ _ A/ -f (-g — l) + «) 

1-0'^ I H- c ‘ ‘ ^ 

By elimination of f and € from (9.1), (9.2), and (9.3) one obtaiiis 


A/« . . . (0.4) 

Z - I z(l -- 0)2 

in agreement with Chang, Miller and formula (4.7), wlien one writes 
0 , 0j) ^ e. 

10. The Parameters In paragraphs 7 to 9 I have used, with 
appropriate simplifications, the kind of argument previously used by 
Chang and Miller. I have deliberately avoided introducing the con- 
siderations used in my own treatment of these problems. I .shall now 
show how such considerations lead more directly to the evaluation of the 
parameters 

The fraction of sites occupied by molecules of type i or the freciuency 
of occupation of a given site by molecules of type i is of course 


No + 


(lO.l) 


When, however, a pair of neighbouring sites are considered, and the manner 
of occupation of the one is given, while it is specified that the two sites are 
not occupied by the same moleculey then the frequency of occupation of 
the second site is given not by (lo.i), but by 


qjNi 

Nq 


(ro.2) 
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But by the definition of the e/s this fraction is equal to 


It follows that 


I -j- HjCf 

qjNj _ qAlrj 
No 1 ~ 


According to the definition (2.4) of this can be rev^Titten as 

2[yi i]\ 


i] \ d, 

* V ZYi } X — 


Formulae (7.8), (7.9) and (8.6) are all special cases of (10.5). 


{10.3) 

(10.4) 


C10.5) 


Summary. 

The statistical treatment by Chang of molecules each occupying two 
sites (dimers) and by Miller of molecules each occupying three sites (trimers) 
has been simplified and extended to a mixture of dimers and trimers and 
to molecules each occupying four sites (tetramers) . The resulting formulae 
are in agreement with those obtained in a previous paper by a more 
powerful method. An essential condition of this treatment is zero energy 
of interaction between molecules. 


I am greatly indebted to the late Sir Ralph Fowler, F.R.S., for his 
encouragement and interest in this work. 


THE ABSORPTION SPECTRA OF SOME MONO- 
NITRONAPHTHYLAMINES, WITH OBSERVA- 
TIONS ON THEIR STRUCTURES. 

By H. H. Hodgson and D. E. Hathway. 

Received 6 th October, 1944. 

The mononitronaphthylamines, all of which are known except 7-nitro- 
2'naphthylamine, can be broadly classified into pure yellow and orange- 
red compounds. The yellow class contains only three members, all of 
which are homonuclear, viz. the 2-nitro-i-, 3-nitro-i-, and 4-nitro-i-naph- 
thylamines, whereas the orange-red class includes not only all the homo- 
nuclear members which have the amino- group in 2-position, viz., i-nitro-, 
3-nitro-, and 4-nitro-2“naphthylamines, but also all the heteronuclear com- 
pounds. Such a clear cut distinction would seem to indicate a difference 
in structure. Since resonance into no fewer than 13 ionic structures is 
possible (7 for the a- and 6 for the j 3 - substituted compounds) A it appeared 
of interest to examine the absorption spectra of selected mononitronaph- 
thylamines to ascertain how far resonance takes place in particular in- 
dividuals. Many conclusions derived by Hodgson and Turner,- in a 
speculative discussioia based on Pauling’s theory of resonance, now receive 
experimental confirmation. 

Previous physical data on the nitronaphthylamines include the measure- 
ment of dipole moments,^* though no absorption spectra have as yet 

^ Pauling, Nature of the Chemical Bond, Cornell University Press, 1940, 
p. 152. 2 Hodgson and Turner, /. Soc, Dyers and Col., 1943, 59, 219. 

® Vassiliev and Sirkin, J. Physic. Chem. Russ., 1938, 12, 153. 

Vassiliev and Sirkin, Acta Physicochim (U.R.S.S.), 1938, 9, 203. 
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been recorded. Since it is the polarisability of the molecule and not the 
dipole moment that is of immediate importance to the problem of colour/ 
this mode of investigation has now been pursued. 

Experimental. — ^An Adam Hilger, Medium Quartz Spectrophotometer 
was used. The spark-gap, of capacity 0*005 ^^.ve a 22,000 voltwave- 

peak. The cell was i cm. in length. All measurements were taken in 
absolute alcohol. 

Results. — ^Table I shows the positions of the band-heads, which were 
found from large-scale drawings. 


TABLE I. 


Amax. 


1 ^max. 


Aniax‘ 


Monosubstituted Naphthalenes 

(see Fig. i). 


a-naphthylamine 245m^ 

4*36 



325ni/x 

37 ^ 

y9-naphthylamjne 240 

476 


379 

34 <> 

3"23 

a-nitro-naphthalene 243 

4*02 



342 

y 59 

jff-nitro-naphthalene 259 

4*40 

307 

3 * 9-1 

352 

3*44 

Mononitronaphthylamines (see Figs. 2 a 

nd 3)- 


Homonuclear. 






i-nitro-2-naphthyIamine zzSmfi 

4-<53 ] 

324m/2 

3.61 

' 42om/2 

3*73 

4-nitro-2-naphthaylniine 231 

4-63 



350/450 

3 * 3 d 

(ca. fi) 

2-nitro-i-naphthylaniine 280 

4*27 



447 

3*94 

3-nitro-i-naphthylamine 274 

4*12 



431 

3*40 

4-nitro-i-naphthylamine 269 

Heter onuclear . 

3-94 1 



443 

4 ‘i8 

5-nitro-i-naphthylanime 276 

3-95 

346 

3*28 

430/440 


8-nitro-i-naphthylamine 276 ^ 

4*20 

350 

3*37 

426/434 

1 3*39 


Lauer « reports naphthalene, in absolute alcohol, as showing 4 bands be- 
tween A 28g/26gmfi (log^o ^max. 4*9/4'4) ^-nd 10 bands between 
(logic €max. 0*50/3*70), using an instrument of greater resolving power. 


Discussion. 


The spectra of a-nitronaphthalene and cx-naphthylamine arc very 
similar with two bands each at almost identical wavelengths ; the spectra 
of /3-nitronaphthalene and ^-naphthylaniine, however, have three bands, 
the two extreme ones being of nearly the same wavelength as those of the 
a-isomerides, with a third band between them. From this fact it would 
appear that ; (i) within A2000-5000 a, the nucleus and not the substituent 




(H) 


groups is the absorbing unit ; (2) the 
a- or positions of the nitro- and 
amino - groups in the naphthalene 
nucleus are of primary importance, 
with regard to absorption, and that 


the acid or basic characters of the 


nitro- and amino-groups as auxochromes ’ play a secondary r61e ; (3) auxo- 
chromes in the ]8-position give rise to an additional resonance form which 
contributes the third band to the spectrum. It is well established that 


® Lewis and Calvin, “ The Colour of Organic Substances,"' Chemical Reviews, 
1939, 25, 282, 

® Berichte, 1936, 69, 987. 

’ Wizinger, Ovganische Farbstoffe, Ferd. Dummlers Verlag, Berlin und Bonn, 

1933. 
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electronic effects are readily transmitted between the 2- and 6-positioiis, - 
and it seems a reasonable assumption that an extra resonance form is set 
up, viz. (I, II) in addition to the resonance forms common to both a- and 
j8-compounds, viz. (Ill, IV). When both groups are present there may or 
may not be new resonatiilg states in the molecule, according as to whether 
their positions favour fresh electronic paths.® In the case of the yellow 
nitronaphthylamines, viz. the 2-nitro-, 3-nitro- and 4-nitro-i -naphthyl- 
amines, there is a much larger absorption in the ultraviolet than with 



® Robinson and Thompson, J . Chem, Soc., 1932, 2015, 
" Bell, ibid., 1932, 2732. 
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the red isomers, which implies that there is considerable additional strain 
in their molecules. Resonance is assumed to operate entirely liomo- 
nuclearly in a molecule of Erlenmeyer structure, with a permanent central 
double-bond which acts as a restraint. The ionic resonance structures 
are possibly (VII) to (IX). 



Wdive Lert^th^ m/f. 



(VII) (VIII) 


NH. H-NH, 



The subtractive effect of the separate possible resonances in 3-nitro-i- 
naphthylamine prevents the 3-nitro-group from resonating into the 7- 
position, hence the non-appearance of the middle band of jS-nitronaphtha- 
lene. The negative inductive effect (-J) of the second nucleus in homo- 
nuclear derivatives can be expected to strengthen the polarisation of the 
a-amino-group and so prevent the 2-nitro-group from resonating into the 


Hodgson and Elliott, /. Soo. Dyers and Col., 1938, , 54, 2C4. 
Hodgson and Elliott, /. Chem. Soc., 1935, 1850.' 
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6-position. The parallel between the spectrum of 4-nitro-aniliiie and 
4-nitro-i-naphthylamine is of interest. Lewis and Calvin ® point out that 
4-nitroaniline has a dipole moment considerably greater than the sum of 
the moments of nitrobenzene and aniline, which they regard as an illustra- 
tion of the principle that a displacement from the " ideal molecule 
renders further displacement easier. Such a displacement is exemplified by 
the absorption spectrum which exhibits two strong bands of almost equal 
intensity due to an abnormal increase in the mobility of the electrons 
through the additive effect of the two auxochromes. In the spectrum of 



Wave L^n^thy mju* 

4-nitro-i-naphthylamine, as compared with the spectrum of the other 
nitronaphthylamines measured, the same persistence of two strong bands 
occurs. These bands are so similar to those of 4-nitroaniline as to support 
the conclusion already drawn from the yellow colour that the oscillations 
are mainly homonuclear : i.e. that the central double-bond exists. In 
the two cases of heteronuclear nitronaphthylamines examined, 5-nitro- 
and 8-nitro-i-naphthylamines, the former can resonate into a quinonoid 
aiid the latter into ionic resonance structures (as in the case of azobenzene 
and w-nitroaniline) , in which the resonance effects are additive. In. these 
cases the colour is red, and facile resonance is again shown by the presence 
of three bands. 
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The remaining red compounds examined, viz. ;i-nitro-2- and 4~uitro-2~ 
naphthylamines, both exhibit absorption in the same regions as the hetero- 
nuclear nitronaplithylamines : the exceedingly broad band for 4-nitr(j-2- 
naphthylamine extending over the region occupied by the second and 
third bands of the latter compounds. In the case of i-nitro-2-naphthylainiue 
the presence of the third band shows ease of resonance into the 6-position 
(facilitated possibly by the negative inductive effect of the second nucleus) 
which will now reduce the polarisation of the i-nitro-group in the resonance 
form (XII) and facilitate the possible form (XIII), which would then tend 
to resonate into the form (XIV), with a single central bond in harmony with 


NOo 

I 


\/\/ 

(XII) 


+ 

=NH., 


NO.. 



(XIII) 


NO.. 


/ ■'■>/ NT-r 

II I 

(XIV) 


the structures for the heteronuclear isomers. In 4-nitro-2~na|)lithylaniine 
one can therefore expect facile resonance into the forms (XV) 




J 


+ 


— i 


/ N;" X; ] 


•NH.. 


NO, 


+ 


NO, 

(XV) 


00 = 

NO.. 


=NH.. 


which, unlike the resonating structures of 3-nitro-i-uaphthylainine have 
additive instead of subtractive effects, and possess a central single l.>ond, 
with consequential ease of polarisation. It is noteworthy that in the cases 
of i-nitro-2- and 4-nitro-2 -naphthylamines the short wavelength al)sorptioii 
band is shifted further into the ultraviolet than that of other compounds 
now examined. 

Previous workers liave recorded the absorption s()e(h;ra of a- and 
j9-napbthaquinones, and their work is comparable witli our own, since 
both teams of workers used absolute alcohol as a solvent. Incidentally, 
in the naphthalene series, spectra in absolute alcohol are more consistent 
with vapour spectra than, are spectra taken in. any other solvent. 


a-Naphthaquinone 

^max. ®max. 

256m/i 4-13 

334 3*44 


jS-Naphthacpi iuo ne 

^max. €max. 

25omg 4*33 

340 3*40 

405 3-40 


Red ^-naphthaquinone possesses 3 bands which occupy similar positions 
to OUT bands for the red mononitronaphthylamiiTes, whereas a-naphtha- 
quinone with 2 bands in the ultraviolet has a spectrum nearly identical 
with a-naphthylamine. These results are in agreement with the plausible 

Macbeth, Price and Wiiizor, J. Chem, Soc,, 1935, 327. 

Goldschmidt and Graef, Berichte, 1928, <Sl» 1862. 



H. H. HODGSON AND D. E. HATHWAY 


I2I 




\ 


,=-0 


o 


\ 


=o 


speculation by Hodgson and Turner 2 for a single bond formula, (XVI) , 
instead of the accepted Erlenmeyer formula (XVII) for ^-naphthaquinone. 
The proposed structure now falls into 
line with those for the other red com- 
pounds, and indicates greater mobility 
of electronic oscillation, since long con- 
jugate systems may now be established. 

The old formula with its permanent 
central double bond restricts oscilla- 
tion within a single nucleus, whereas in the central single bond structure 
the whole of the naphthalene system is available for oscillation. Our 
interpretation of the data for the a- and ^-naphthaquinones affords sub- 
stantiating evidence for our theory of the colour of the mononitronaph- 
thylamines. 


(XVI) 


\/\/< 

(XVII) 


Summary. 

A study of the absorption spectra of a- and j8-amino- and nitro- 
naphthalenes and of certain selected mononitronaphthylamines has enabled 
the following tentative conclusions to be made for the structure of these 
molecules : 

1. Yellow mononitronaphthylamines exhibit two absorption bands 
within the region A 2310-4500A whereas their red isomers have a third 
band within A 3380-3500A. 

2. The above two extreme bands are characteristic of a- and j 3 -nitro- 
and amino-naphthalenes but the middle band is characteristic of the 
jS-compounds only. 

3 . In the mononitronaphthylamines all the bands are shifted towards the 
longer wavelengths and so indicate relief of electronic strain in the molecule. 

4. All three bands are characteristic of heteronuclear nitro-naphthyla- 
mines and of those homonuclear isomers in which the amino-group is in 
the j3-position. These compounds are all red and it is assumed that their 
structures possess a single central bond, in contrast to the more strained 
yellow forms which are assumed to owe their strain to the presence of a 
central double bond. 

The red colour of j 3 -naphthaquinone is at once explicable if its formula 
be written with a central single bond ; this substance exhibits three bands 
within the region A2310-4500A. 


The authors wish to express their gratitude to Professor E. L. Hirst, 
F.R.S., for providing facilities for one of us (D.E,H.) to take all the spectra 
in his laboratories and for his interest in the work; also to Dr. J. K. N. 
Jones and Mr. M. E. Foss, both of the staff of the Department of Organic 
Chemistry, Bristol University, who helped in reading the plates. Our 
thanks are due to Imperial Chemical Industries (Dyestuffs Division) for 
a scholarship (to D.E.H.) and for materials used in preparing the nitro- 
naphthylamines . 
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A CALCULATION OF THE LATENT HEAT OF 
VAPORISATION BASED ON A REVISED 
EQUATION OF STATE. 

By D. B. MacLeod. 

Received zSth November, 1944. 

In a, recent paper 1 the author examined the consequences that followed 
from assuming the volume of the molecules, as represented by h in Van 
der Waals* equation, to be a function of p afv^, the total pressure. 
Writing P for ^ -4- ajv^, the quantity h was expressed as 60 (i — BP 4- CP^), 
that is, it was assumed to be compressible in much the same way as an 
ordinary solid. Van der Waals’ equation then became P\v — &o{i 
+ CP^)] = RT, The revised equation was shown to cover both the liquid 
and vapour phases of a fluid satisfactorily and to give a reasonable ex- 
planation for the departure of RT^jP^V^,, in actual fluids, from the 
theoretical value of 2-66, 

It led to the conclusion, however, that in passing from the \'aporous 
condition to the liquid condition, the molecules of typical organic molecules 
underwent a contraction in volume of from 30 to 40 per cent. If this is 
so, then a considerable amount of -work has been done on the molecules 
themselves during condensation and this has to be supplied again, during 
the process of evaporation, in the form of latent heat of vaxoorisation. The 
molecule, itself, can be regarded as a condemsed form of matter in much the 
same sense as a liquid or a solid. It is held together by attractive forces, 
balanced when in equilibrium by static repulsive forces as well as by dis- 
ruptive forces due to the kinetic energy of its constituents. ItvS potential 
energy is less in a contracted form than in an expanded form. 

Latent Heat of Vaporisation. 

An attempt to calculate the latent heat of vaporisation, based on Van 
der Waals* equation of state, was made by Bakker. It is discussed by 
Lewis in Vol. II of his well-lmown volumes on Physical Cfliernistry. Bakker 

—d?; H- p{v^ — Vi), 

where is the specific volume of the vapour and Vi, the specific volume of 
the liquid. The first term represents Ai, the internal latent heat, or the 
work done against the cohesion of the moleculCvS, and the second term Xe, 
the external work. The values of A, calculated from this equation, were 
very considerably lower than the values calculated from the Clausius - 
Clapeyxon equation. Quoting from Lewis, the latent heats of vaporisation, 
for CCI4 and CgHe at their boiling points, from Bakker’s equation arc 5*18 
and 5*05 K.cal. per g. molecule respectively, whereas the true values 
should be 7'i3 and 7*29. This want of agreement can only mean that Van 
der Waals' equation is not the true equation of state foV these substances. 
A similar discrepancy occurs with a wide variety of other substances. 

In the present paper an extra term is introduced to allow for the work 

J &2 

^ Pd&. The equation is then written 

^ = 1 + 1 PAb. 

^ Trans. Faraday Soc., 1944, 40, 439. 
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The second term, p(v2 — ?^i), is the same as in Bakker's equation and 
requires no further explanation. It is necessary, however, to draw at- 
tention to the fact that the value of a, calculated from the revised equation 
of state is, invariably, higher than that calculated from the simple Van der 
Waals' equation. For example, the values of a quoted by Lewis for CCI4 
and are 19-20 and 18*36 respectively, whereas the values obtained, 
by the author, for the same substances ^ are, in the same units, 22*16 and 
20*73. This makes the quantity from the first term of the equation greater 
than that given by Bakker's equation, but it still leaves a discrepancy of 
the order of 1000 cal. per g. molecule in the neighbourhood of the boiling 
point. 

{ ^2 

Pd6, it is not possible 

to integrate it directly. In the earlier paper ^ the values of h for each 
corresponding value of P, were obtained. They are set out in columns 
4 and 5 of the follow- 
ing table. & can be 
obtained from the 
constants supplied 
or from the relation 

V - h=- RT/P, 

By plotting b, P, b 
curve, the work 
represented by 

1 Pdb 

can be obtained by 
counting squares or 
by the use oi a plani- 
meter. It can then 
be converted into 
heat units. 

In this paper, 
the latent heats of 
vaporisation for the 
three substances, 

CCI4, CflHfl and 
CaHisi are calcu- 
lated. The con- 
stants required 
were published 2*43 3d5 423 465 S05 545 

earlier.^ The latent 

heats are given from the neighbourhood of the boiling points to the 
critical temperatures. The results are set out in Table I and shown 
graphically in the accompanying diagram. The experimental quantities 
— the pressure and the molecular volumes — are obtained from the Inter- 
national Critical Tables. The latent heats are shown in four separate 

r.b 

columns, Aj, Ae and Am, the last named being the term \ Pd6. They 

Jbi 

are expressed in K.cal. per g, molecule. At is the sum of these three 
quantities. Ac is the corresponding quantity calculated from the equation 

Ac = T ” ^^i). 

A comparison of the last two columns shows a satisfactory agreement. 
There remains, however, a systematic discrepancy of a few per cent. 
For each of the three substances At commences by being less than Ac, 
reaches the same value about midway between the boiling point and the 
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THE LATENT HEAT OF VAPORISATION 


TABLE I. 


T 

P 

M.V. 

P 

h. 

Ai. 


Am. 

At. 

Ar. 

("A.). 

(in Bars). 

Liq. 

Vap. 

(in Bars) . 

/le* 

''Ed* 

AO- 


Carbon 

Tetrachloride 

. a ■■■•- 2*; 

216 X 10’ Ijq ~ 

^ 151*4 

.. 




353 

I*ii 8 

104*3 

25240 

•2038 

89*8 

5 *06 

0*67 

1*06 

6-79 

7*00 

363 

1*483 

105*8 

19250 

1981 

90*5 

4*98 

0*68 

1*03 

6-6g 

6-86 

373 

1*944 

107*4 

14950 

1924 

91*2 

4*90 

0*69 

1*00 

f’-sb 

6*72 

383 

2*509 

109*3 

11750 

1859 

92-0 

4-80 

0-70 

0*97 

6-47 

6*62 

393 

3-189 

110*8 

9290 

1809 

92-6 

4-72 

0*70 

0*94 

6-36 

6-43 

4«3 

4*002 

112*6 

7550 

175 s 

93*4 

4*63 

0*71 

0*92 

6*26 

6-37 

413 

4*969 

II 4‘5 

6160 

1695 

94*1 

4*54 

0*72 

0*88 

6*14 

6*19 

423 

6-077 

ii6'5 

5065 

1636 

94*9 

4*44 

0*72 

0*85 

6*01 

6-04 

433 

7*383 

118*6 

4220 

1582 

95*7 

4*34 

0*72 

o*8i 

5*87 

5-90 

443 

8-860 

121*0 

3524 

1522 

96*6 

4 *'A 3 

0*72 

0*78 

5*73 

5*69 

453 

10-54 

I S 3' 5 

2933 

1463 

97-6 

4*11 

0*71 

0-74 

5*56 

5 * 4 S 

463 

12*42 

126*5 

2464 

1401 

98-8 

3*97 

0*70 

0*71 

5*38 

5*25 

473 

14*60 

is 9*5 

2075 

1335 

100*0 

3-84 

0*68 

0*68 

5*20 

5*oG 

483 

17*02 

133*1 

1752 

1268 

101*2 

3*68 

0*66 

0*63 

4*97 

4*8i 

493 

X 975 

136*6 

1481 

1208 

102*4 

3 * 5 S 

0*63 

0*58 

4*73 

4*54 

5«3 

22*75 

141-8 

1250 

1125 

104*4 

3*31 

o* 6 o 

0*52 

4*43 

4*26 

513 

26*15 

147*5 

1052 

1044 

io6*4 

3*09 

0*57 

0*49 

4*15 

3*96 

523 

29*90 

154*3 

878*0 

960*6 

io 8*8 

2*83 

0*52 

0*44 

3*79 

3*57 

533 

34*05 

1637 

717-6 

860*7 

111*9 

2*50 

0*45 

0*35 

3*30 

3*10 

543 

38*19 

1877 

568-2 

667*8 

119*6 

1*89 

0*35 

0*23 

2*47 

2-41 

558*16 

45*60 

I 276*1 






0 

0 


Benzene, a — 2*073 X lo*^ = 135*6 


363 

1*344 

97*00 

21660 

2206 

83-1 

5*0 8 

0*69 

1*09 

6-87 

7*30 

373 

1*781 

98*40 

16597 

S143 

83-8 

5*00 

0-70 

1*05 

6-75 

7*iS 

383 

2*321 

99*9 

12980 

2079 

84-5 

V9S 

0*72 

I.OI 

6-65 

7*02 

393 

2*974 

101*4 

1 01 30 

2018 

S') *2 

4-84 

0*72 

0*97 

6-53 

6*78 

403 

3*761 

103*1 

8124 

1956 

85*9 

4-75 

0*72 

0*93 

6*40 

6-64 

413 

4*694 

104*9 

6610 

1891 

86*6 

4-64 

0*73 

0*90 

6*27 

‘ 6*48 

423 

5*782 

io6*7 

5416 

1821 

87-3 

4'55 

0*73 

0*86 

6*14 

6-37 

433 ■ 

7.07 

io8*6 

4509 

1766 

88-1 

4 - 4 S 

0*74 

0-83 

6*02 

6*22 

443 

8*52 

110*8 

3733 

1702 

89*0 

4-34 

0*74 

0*80 

5*88 

5*92 

453 

10*17 

113*0 

3133 

1639 

89*9 

4'23 

0*73 

0*77 

5*73 

5*79 

463 

I 2 *o 6 

115*4 

2618 

1570 

90*7 

4*10 

0*72 

0*74 

5*56 

5*61 

473 

14*20 

118-1 

2197 

1500 

91*7 

3*97 

0*71 

0*71 

5*39 

5*35 

483 

16-61 

121*3 

1853 

142O 

92*9 

3*82 

0*69 

o*(»8 

5*19 

5*17 

493 

19*37 

124*7 

1554 

1352 

94*2 

3*65 

0*66 

0*56 

4*87 

4*90 

503 

22*43 

128*6 

1315 

127O 

95*6 

3*47 

0*63 

0*52 

4*()2 

4*59 

513 

25*81 

133*3 

1092 

1,192 

97*2 

3*26 

0‘59 

0*48 

4*33 

4*23 

523 

29*62 

139-1 

912*2 

IX 10 

99*7 

3*02 

0*55 

0*44 

4-01 

3-8-i 

533 

33*82 

146-4 

751*5 

1001 

101*8 

2*72 

0*49 

0*39 

3*()0 

3-40 

543 

38*49 

15 < 5-5 

606 *0 

884*8 

105*1 

S '35 

0.41 

0*32 

3 *08 

2*90 

561*5 

48*56 

1 256*2 





0 

0 


Pentane, a ™ 2-114 X 10’ h ^ 169*6 


313 

I*i8 

ii8*^ 

21170 

1498 

101*3 

4*23 

0*59 

0*92 

5*74 

5*94 

323 

1*59 

120*8 

16000 

1450 

102*2 

4*15 

o*6i 

0*88 

5*64 

5*88 

333 

2-14 

123*1 

12020 

1397 

103*2 

4*o6 

o*6x 

0*84 

5*51 

5*77 

343 

2-83 

125*4 

9115 

1348 

104*1 

3-98 

o*6i 

0-80 

5*39 

5-56 

353 

3-65 

128*0 

7128 

1294 

105*2 

3*88 

o-6i 

0*77 

5*26 

5*43 

363 

4-67 

130*8 

5581 

1240 

106*3 

3*77 

o*6r 

0-73 

5*11 

5*26 

373 

5-88 

133*9 

4417 

1184 

107*5 

3-66 

o*6o 

0-70 

4*96 

5-06 

383 

7.32 

137*3 

3564 

1128 

108*9 

3*54 

o*6o 

0*66 

4*8o 

4-89 

393 

8-99 

141*2 

2880 

1070 

110*5 

3*40 

0*59 

0*62 

4*6t 

4*64 

403 

10-93 

145*2 

2332 

1014 

iii*9 

3*26 

0*57 

0*58 

4*51 

4*41 

413 

13-20 

150*4 

1865 

952 

114*1 

3*09 

0*54 

0*54 

4*17 

4*oS 

423 

15-76 

156*4 

1512 

880 

II 6*2 

2*90 

0*51 

0*48 

3*89 

3 *80 

433 

18-74 

163*8 

1218 

807 

ii8*9 

2*70 

0-47 

0*44 

3*6x 

3*47 

443 

22-09 

173*0 

979-6 

729 

122*1 

2*40 

0*42 

0*36 

3*18 

3*03 

453 

25-83 

i86*2 

770-0 

636 

126*6 

2*o6 

0*36 

0*30 

2*72 

2*51 

470*2 

33-50 

1 309*9 
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critical temperature, and then becomes slightly higher than Ac. Some 
part of this discrepancy may be due to the, admittedly, approximate 
method of calculating the molecular constants, In the original paper ^ 
5c was taken to be equal to VqI^ but it was emphasised that this could only 
be regarded as approximately true for a large class of substances. A 
better agreement could be obtained by a process of trial and error in the 
neighbourhood of the approximate value. For a relatively incompressible 
molecule like hydrogen a value 5c = 0^36 was found most satisfactory. 

The author is inclined to think, however, that the systematic nature of 
the discrepancy indicates a possible variation of a with the volume of the 
molecule. A slight increase in a with the contraction of the molecule 
would certainly give a better agreement. It is not proposed, however, to 
speculate on such a relation at this stage. To a first approximation, the 
agreement is very satisfactory and gives considerable support to the idea 
of a compressible molecule. It is highly significant, if these conclusions 
are accepted, that about fifteen per cent, of the latent heat of vaporisation 
of a liquid at its boiling point, represents work done on the molecules 
themselves. 

In Table II the corresponding figures for hydrogen, in the neighbour- 
hood of the boiling point, are set out. 


TABLE II, — Hydrogen 


T 

(“A.). 

P 

(ill Bars). 


P 

(in Bars). 

Ai. 

Ae. 

Am- ■ 

At. 

Ac. 

Liq. 

Vap. 

ig-SG 

0-91 

28-03 , 

1S90 

•286’0 

1S9 

40 

4 

233 


20-40 









216 

23-21 

2-27 

29-73 

757’5 

255-8 

173 

40 

3 

21G 



a = 2-240 X 10®, h == 23-49(1 — 0-03186 P) 


The latent heat is represented in cal. per g, molecule. The value quoted 
for Ac is that given in the International Critical Tables for the boiling point 
50*40° A. The Landolt Bornstein Tables quote two values for the same 
temperature, namely 220 and 230. Laby gives a value of 246. The 
values calculated by the author are, therefore, within the probable range 
of uncertainty of the experimental determinations of the vapour pressures 
and molecular volumes. It is noticeable that the contribution of the 
molecular portion to the total, is only about 2 % in the case of hydrogen. 
The smaller value could be anticipated from the low compressibility and 
small molecular volume of hydrogen. 

Table III sets out the constants calculated for argon. This substance 
was not included in the original paper. The figures showing the application 
of the revised equation of state to argon are, therefore, given together 
with the constants obtained. In the last column, Ac, of the latent heat 
table, the first value is that given by the International Critical Tables for 
the latent heat at the boiling point 87-34° a. The subsequent values in 
this column have been calculated from the Clausius Clapeyron equation, 
from the data available in the International Critical Tables. If the author's 
general treatment has a sound physical basis, it is necessary to regard argon, 
in spite of it being a monatomic gas, as more compressible than hydrogen. 
The departure of RT^IPqVq for argon, from the theoretical value of 2-56, 
is certainly much greater than in the case of hydrogen, being 3-5 in the 
former case and 3*0 for hydrogen. This, from the author's point of view, 
would indicate a greater compressibility. Apart from this, argon can be 
treated in a manner similar to other fluids with very satisfactory results. 
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The ratio of bcjva is intermediate between that of hydrogen and the tyi-hai 
organic substances. 

TABLE III.— Aroon 


T 

Ta.}. 

P 

(in Bars). 

j M.V. 

/>-h 

(1 

W 

RT 

V -- }?' 

Liq. 

Vap. 

I-iq. 

Vap. 

Liq. 

\'ap. 

89-87 

1*5 

29*03 

4980 

1641 

1-53 

1680 

i '.53 

97-63 

2-9 

30-10 

2735 

1 152b 

3-10 

1520 

3-03 

III -79 

7-6 

32-58 

1072 

1308 

8-8o 

1 1297 

9 *02 

122*26 

1 13-7 

35-03 

587-9 

1139 

17-7 

1138 

i8-5 

137-51 

i 28-8 

40-96 

249-3 

851 •« 

31-0 

857 -(j 

53-5 

147-85 

43-0 

51-66 

135-1 

560-0 

ii8-6 

5(10 

12 E -8 

150-58 

! 48-0 

' 75-15 

1 292-4 

1 291-0 


a = i 3‘8 X IO^ 6c = o- 427 ?;c, == 347 ^^* ^ 0*033147, C 0*078^3. 


r 

(-A.). 

Ai. 

Ac. 

Am . 

At. 

An. 

87-34 

89-87 

II3I 

T 7 <S 

150 

1459 

1500 

97-63 

1085 

188 

142 

1415 


111-79 

97S 

185 

122 

1285 

.1270 

122-26 

885 

181 

100 

1 1 06 

II 86 

137-51 

672 

139 

05 

876 

805 

147-85 

393 

86 

32 

512 

490 


Summary. 

1. The latent heats of vaporisation, from the boiling points to the 
critical temperatures, have been calculated for several typical substaiu'es. 
The basis of the calculation is the author's recently published equation 
of state. 

2. In that equation of state, evidence \vas adduced that mohxulcs 
contract considerably in passing from the vaporoUvS to the liquid conditirni. 
Allowance has been made, in this paper, for the work required to overcome 
this contraction. 

3. The calculated values accord very closely with those obtained I'nuu 
the Clausius Clapeyron equation. 

Physics Department, 

Canterbury University College, 

Christchurch, New Zealand. 

^th October, 1944, 



THE MELTING OF POLYTHENE, 

By K. B. Richards. 
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Formulae representing the increase in melting-point as chain length 
Z increases in the normal paraffin series have been given by Garner, van 
Bibber and Kiiig,^ 

r = 0-60852: - 1-75 

O-00I49IZ + 0-00404 ■ ■ 


and by Meyer and van der Wyk - 


I 

% 


2-395 X 


10-3 4- 


17*1 X iO “-3 
Z 


( 2 ) 


According to equations (i) or (2) a normal paraffin of chain length Z — 1000 
would have a melting-point of 134° C, or 141° C. respectively. Pure 
paraffins melt quite sharply, although a second crystal phase may be 
formed some degrees below the melting-point, and density ® and heat 
capacity ^ measurements have shown that in such paraffins as octadecane 
melting may best be regarded as an order-disorder transition extending a 
few degrees either side of the temperature usually regarded as the melting- 
point. 

The melting behaviour of polythene differs from the behaviour of pure 
paraffins in tw^o ways. Firstly, the order-disorder transition extends over 
a wider temperature range, as shown by density heat capacity « and 
X-ray and optical ’ measurements, and the solid appears not to be entirely 
crystalline even at room temperature. Secondly, the melting-point, at 
wiiich all trace of crystal structure has disappeared, is appreciably lower 
than the values given by equations (i) or (2) for pure ^^-paraffins of com- 
parable chain length. The usual value for a polythene of chain length Z 
about 1000 is 105-115° C. and the highest value observed so far is 126° C.* 

When the melting-points of a wide range of polythenes are considered, 
it is at once apparent that average chain length is not the sole factor 
controlling the melting-point. Samples with the same molecular weight 
can vary as much as 15° in melting-point. This variation in at a 
constant average value of Z seems to be most pronounced at lower chain 
lengths. The low value of the melting-point of polythene is believed to 
be fundamentally due to the imperfection of crystallisation of polythene, 
and the presence of amorphous regions formed by portions of long chains 
passing from one crystallite to another, or protruding from crystallites, 
and also by any molecules which will not fit into the crystal structure. 
The. variations may arise from the effects of changes in : 


^ Garner, van Bibber and King, /, Chern. Soc., 1931, 1533. 

- Meyer and van der Wyk, Helv. Chim. Acta, 1937, 20, 

® van Hook and Silver, /. Chem. Physics, 1942, 10, 686. 

^ Ubbelohde, Trans. Faraday Soc., 1938, 34, 282. 

^ Hunter and Oakes, Trans. Faraday Soc., 1945, 41, 49. 

Raine, Richards and Ryder, Trans. Faraday Soc., 1945, 41, 56. 

^ Bunn and Alcock, Trans. Favaday Soc. [in press). 

* Long chain paraffinic hydrocarbons of M.P. 132-134" C. have been made by 
the ‘Fischer-TropscR synthesis ® from CO and Ha. 

^ Pichler and Buffieb, Brennstojf-Chem., 1940, 21, 257. 
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{a) the degree of chain branching, and 
(b) the molecular weight distribution, 

on the perfection of crystallisation. 

Frith and Tuckett ® have discussed the melting of crystalline polymers, 
and have shown that the free energy of a system of crystallites and amor- 
phous regions is a non-linear function of the proportion of aniorphons 
material, and that there is a certain proportion of amorphous materia.!, 
corresponding to a minimum free energy, and hence to thcrinod\'namic 
equilibrium at any temperature below the melting-point 7 ^. Tlicse 
authors have, however, only considered a polymer composed entirely of 
identical very long unbranched chains. Normal polythene, however, 
apart from being composed of molecules which may be somewhat 
branched,^®* contains species with a wide range of molecular weights, 
and in particular, contains an appreciable portion of material of molecular 
weight below about 1500. Such material can be extracted by cold solvent, 
and is a liquid or grease at ordinary temperatures. The properties of 
polythene have been found to be sensitive to molecular weight distribution, 
and especially to the proportion of this low molecular weight material. 
In this paper the efiect of low molecular weight hydrocarbons cm the 
change of crystallinity with temperature and the melting-point will he 
considered. The problem will be treated by an exteiision of the statistical 
thermodynamics of Frith and Tuckett,® and the theoretical results will l>e 
compared with observed data on polythene. 

Theoretical. 

The Melting of a Polythene containing Short Chain Material. — 
The melting-point and the change of crystallinity with temperature are 
studied by setting up an equation for the free energy G of i g. of polythene 
in terms of the weight proportions in the amorphous (0) and crystalline 
(r — * regions. This procedure is discussed more fully by Frith and 

Tuckett.® The effect of short chain material, which is assumed to lie 
entirely in the amorphous regions, is calculated by making use of an 
expression due to Flory foi* the entropy of mixing of a polymer and a 
short chain " solvent. The value of $ which corresponds to a miniinuni 
value of G and hence to equilibrium is calculated for any temperature. 

The Entropy of the Solid, — Consider i g. of material consisting of 
5g. of a linear hydrocarbon of comparatively low molecular weight A/, 
and (x — s) g. of polythene of molecular weight so high that the chains all 
pass through a number of crystallites. Crystallisation is considered as 
starting from points of entanglement or from adjacent parallel j)ortions t)f 
the long chains. As temperature decreases, crystallites grow round thest^ 
nuclei, greater and greater lengths of the long chains taking their ])lace in 
a crystal structure. Let n be the average number (d; carbon atoms, along 
the polythene chain, between the points on the chain at which crystallisation 
starts. If all of the low molecular weight hydrocarbon is in the amorphous 
region, the weight of the high molecular weight component in the amorphous 
region is (6 — s) g. The average length of polythene chain in an amor- 
phous region, that is passing from one crystallite to another, is : 

n{9 — s)l{i — 5 ). 

The number of such free portions of polythene chain in the amorphous 
regions, which is also equal to the number of lengths of n methylene groups 
in the whole, is given by : 

N' = 

I4n 

where N is Avogadro’s number. 

® Frith and Tuckett, Trans. Faraday Soc., 1944, 40, 251, 

Fox and Martin, Proc. Roy. Soc. A, 1938, 167, 257, 

Thompson. Unpublished. Flory, /. Chem. Physics, 1942, 10, 51. 
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The number of low molecular weight molecules is given by : 


In order to calculate the entropy of the amorphous regions, we need to 
know how many lattice sites are occupied by each free polythene chain. 
The statistical segment may be the methylene group or some larger unit, 
of I methylene groups. The average number of segments per free polythene 
chain portion in the amorphous regions is given by : 

n (e - s) 

r (I -«)■ 

We are now in a position to calculate the entropy 5 of the amorphous 
regions, making use of Flory's equation for the entropy of mixing of n' 
pure solvent and N' perfectly arranged polymer molecules, 

AS:nixi«6 =--h\n ' In + N' In 

+ k[x - i)N' In _ kN' In 2 . . (3) 


(where y is the co-ordination number of the lattice). 

The original entropy 5© of the low molecular weight material and the 
perfectly ordered polymer will be given by : 

Sq — -SSa “h 

and the entropy of the crystalline regions will be given by : 

5 'k = ■“* 

where 5^, are the entropies per gram of perfectly ordered low mole- 
cular weight material and polythene respectively. 

In addition, the expression for the entropy of the amorphous regions 
will contain a term ASp involving the changes in rotational, vibrational 
and translational degrees of freedom of the polythene on passing from the 
crystalline to the amorphous state. (The entropy of mixing A5niixing only 
takes account of the entropy increase due to the increase in configurational 
disorder, and this, as Flory points out, is only a part of the entropy of 
fusion of a polymer.) The extra entropy term will be a function of the 
free chain length Za, and by analogy with Huggins' equation for the 
entropy of gaseous linear paraffins will probably be of the type : 

ASp = — ^ . {ci -j- hZxi, ^ In cal./g. 

I4Za 

The overall entropy S per gram is therefore given by : 

= (l — 4" 4" 4" AFmixing 4“ ASp 

or : 



M 

sN N(9 — s) 

M 145 * 
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+ *(!•— 4- ■) 
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14?^ \ 


( a q- • 




1—5 


(4) 


Huggins, /. Physic. CJiem., 1939, 43, 1083. 
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When s ~ o, we have an expression fo:f the entropy of polythene alone. 


I 4 .n \ ^ J e 
. .p Ji^a + bnO 4- c la nO) 

ip2 I4?z' 


’^ne H- [R -h c) In n&\ . . . (6) 

i^vi 

Frith and Tuckett deduce a similar expression, but the parameter of 
In nd, which, as will be seen later, governs the sharpness of the melting- 
point of the polymer, is R in. place of i? + ; this is because they have 

only taken account of the configurational entropy. For a hydrocarbon 
gas, in which freedom of rotation, vibration and translation is at a maximum 
the value of R + c is 8-0.^® The value for amorphous polythene, in which 
the movement of chain is I’estaricted, is likely to be between 8 and R. 

The Minimum Free Energy Conditions. — If the heat of fusion per 
gram of the polythene crystallites is (assumed independent of tempera- 
ture) and the heat content of one gram of crystallites at To is Bq and the 
specific heat of the crystallites is Cp, the heat content at a temperature T 
of one gram of polythene containing a fraction of amorphous material is 
given by : 

Ff ^ Ko + + {T - To)Cp. 

This assumes that there is no heat of mixing of amorphous polythene with 
the added low molecule weight paraffin. The free energy per gram at T 
is thus 

+ H- (T - To)Cp -- TS. 

For equilibrium at any temperature, the degree of crystalUiiity shall I)e 
such that.fr has a minimum value, i.e., that : 


At a temperature T therefore : 

_ „dvS Lm 

L,-r^ = o, or 5.= 
Differentiating the entropy expression, we have : 


- kN 




Hence : 


This equation gives the variation in degree of crystallinity, at a tempera- 
ture T, with the proportion 5 and molecular weight M of added low mole- 
cular weight material. If the parameters in the expression (4) for entropy 
(such as n, a, b and c) do not change with temperature, equation (8) also 
gives the variation of crystallinity with temperature. When .9 === o 
equation (8) reduces to : 

I nR y ^ X , bn 


T{R d- c) 


^{R + 6 ') 


( 9 ) 
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which is, of course, similar to the expression obtained by Frith and Tuckett, 
except tor the presence of the parameters C, ^ and &. 

Assumptions and Approximations. — Before proceeding to a discus- 
sion of the quantitative implications of equation (8), and to a comparison 
with experimental data on polythene, it may be worth while reviewing 
critically the assumptions made in its derivation. 

(1) It is assumed that crystallites grow from nuclei spaced at an 
average distance of n carbon atoms along the hydrocarbon chain, greater 
lengths of the chains taking their places in an ordered crystal structure as 
temperature decreases. It is further assumed that such nuclei have a 
“ statistical permanency,'" and that once a crystallite has begun to grow 
it does not break up, and that no new nuclei are formed at lower tempera- 
tures. This is implicit in the assumption that n does not change with 
temperature. It is doubtful whether this gives an adequate picture of the 
melting mecha,nism, which will be discussed in a later section. However,, 
the fundamental feature of the above theoretical treatment is the relation 
of the average length of free polythene chain, and hence 9 , to the entropy 
of the polythene, and this, apart from the method of averaging, is not 
affected by the mechanism of crystallite growth. 

(2) An average length Zg, of the polymer chain in the amorphous 
region has been related to 9 , the weight fraction of amorphous materiaL 
In practice, a distribution of crystallite size . and in Z is to be expected. 
The equation used for the entropy of mixing and total entropy were 
deduced for pol3nners of one chain length only, and ought to be modified 
for a distribution of size of Z. 

(3) It is assumed that all of the added low molecular weight material 
remains in the amorphous phase. In the case of materials such as heptane, 
this is probably not far from the truth. The formation of crystallites from 
molten polythene is somewhat akin to the crystallisation of a paraffin 
such as CfioHi22 from a liquid paraffin, and in such cases little mixed cryvStal 
formation is found. 

(4) It is assumed that each molecule of the added material, whatever 
its molecular weight, is statistically equivalent to one polythene segment. 
Another parameter the number of short chain molecules equivalent to 
one pol3rthene segment, could be introduced, and this could be made a 
function of M. Similarly, the added material might be regarded as being 
composed of segments, of length methylene groups, with consequent 
modifications of the entropy equations, 

(5) The constants in the equations relating the entropy of the amorphous 
regions to the free length Za of the polythene chain, are assumed to be 
independent of 9 . As pointed out by Frith and Tuckett, this is only 
likely to be valid when the amorphous content is high and steric effects 
due to the rigidity of the crystalline regions are small, e.g., when ^ > 0*5. 

(6) The calculation of the heat content H assumes a zero heat of mixing 
of amorphous polythene and the added hydrocarbon. 

(7) No account is taken of the change of Lp with temperature. This is 
quite small. A more serious approximation may be to relate the entropy 
only to chain length, and to regard it as independent of temperature. 

(8) This treatment is only valid for a two phase (crystalline and amor- 
phous) system. This is found only over a limited temperature range ; 
below a certain temperature a third phase may separate out. This new 
phase may be liquid, as in polythene-heptane or polythene-cetene mixtures, 
or crystalline, as in the case of polythene-paraffin wax mixtures. The full 
phase relations between polythene and solvents are to be discussed in a 
forthcoming paper. 

In view of the somewhat formidable array of assumptions listed 
above, it may seem presumptuous to attempt any quantitative com- 
parison between the theoretical treatment and experimental data. Never- 
theless, in the succeeding sections, the manner in which the crystallinity 
and melting-point of polythene-hydrocarbon mixtures vary with the 
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molecular weight M and weight fraction s of the added hydrocarbon, as 
indicated by equation (8), will be considered, and these theoretical results 
will he compared with the behaviour observed in practice. 


Comparison with Experimental Data. 


Change of Crystallinity with Temperature. — In tlic absence of 
low molecular weight material, equation (9) indicates a linear relation 
between x /8 and i/T. The slope of this line, that is, the sharpness of the 
melting, is governed by the values of 71 and c. A high heat of fusion 
L-p should thus lead not only to a high melting-point, but also to sharp 
melting, A high value of 77 will also lead to a sharp melting-point. The 
value of n, the average distance between points from which crystallites 
grow;, seems likely to be governed, partly at least, by molecular Ilexibility. 
Flexible molecules are likely to form suitable intermolecular contacts at 
points closer to each other along the chain than will rigid molecules. The 
structure of the chain will also affect the value of n, and we may expect n 
to be smaller for polythene, in which almost any region where portions of 
chain are approximately parallel can act as a crystal nucleus, than icu: 
rubber in which suitable ordering of methyl groups and double bonds is 
necessary. (Frith and Tuckett use values of % — 700 for rubber atid 
n ~ 200 for polythene.) 

The change of the degree of crystallinity with temperature has been 
•followed quantitatively by measurements of density ° and heat capacity. 

Frith and Tuckett showed that the 
changes in density with tempera- 
ture followed generally the course 
predicted by their version of ec^ua- 
tion (9), (with R in place of R d- 0), 
but that the observed melting was 
less sharp than their equation de- 
manded. The heat capacity changes 
indicate a similar variation in crys- 
tallinity, and Fig. i shows a plot 
of ijd against i/T for a polythene 
of molecular weight about 15,000. 
Over the temperature range 115''- 
70° the curve is linear, as predicted 
by equation (9), but at lower tem- 
peratures the polythene is more 
amorphous than the linear relation 
would indicate. This is no doubt 
partly due to lack of attainment 
of thermodynamic ccjuilibriiim l>e- 
tween crystalline and amorphous 
regions, which is a comnu)n feature 
crystalline polymers, but may 
also be due to the breakdown of the validity of the assumption (5) in tlie 

pendLt^of parameters in equations (4), (8) and (9) are inde- 

The value of the slope d Q j /d in Fig. i is 5500. The value, accord- 
ing to equation {9), is + c). Taking L,as 56-5 cal./g.«, we have : 

“‘©A© -m 



temperature. 


TaUe shows values of dg) /d(^) for various values of n and R + c. 
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TABLE I. 


A value of n ~ 50 means that the average crystallite in normal polythene 
contains lengths of about 40 chain C atoms. This is believed to be reason- 
ably consistent with the sharpness of 
the X-ray patterns. The observed 
slope of 5500 would then correspond 
to a value of R + c of about 7. It 
should be emphasised that the value 
of 5500 refers to a normal polythene 
containing an appreciable quantity of 
low molecular weight material which, 
as will be shown later, reduces the 


value of d 




The value for a 


11. , 

i? 4 


200 

1*98 

80,000 

200 

5-00 

31,700 

200 

8*00 

I9,8go 

50 

1*98 

20,000 

50 

5*00 

7,920 

50 

8*00 

4.950 


polythene consisting only of very long 
chains is likely to be higher than 5500, 
and a value of 8000 has been obtained 
from density measurements on a higher molecular weight polythene con- 
taining less low molecular weight material. 

The Melting-point. — ^The value of at which all crystalline material 

has disappeared, is given by putting,^ = i in equation 


14LP 


147^ ) I y — I • & c 

iJTp / I4?\ ^ ? e ^ Rn 


and Avhen 5 = 0, 


14?\ 
M ) 


= I + i In LZLi + ^ — 

flTi, » ^ r e ^ R^ Rn 


(10) 


(II) 


The melting-point of a high molecular weight polythene entirely free of 
short chains is not, of course, known. The highest value observed is 
126® C. ; we will put Tp = 400° A when s — o. Then, using values of 56*5 
for Lj,, 50 for n and 2 for c, we have : 




= 0*9583. 


We can now examine the effect of additions of material of low molecular 
weight ilf on the melting-point, using equation (10). The effect of various 
additions of hydrocarbons of . 
molecular weight 100, 200, 

400 and 1000 is shown in 
Fig, 2. As 5 increases or M 
decreases, the melting-point is 
reduced. The values of Tj, in 
Fig. 2 were obtained with 
^ — 1 ; higher values of ^ lead 
to slightly higher melting- 
points. 

We may compare these cal- 
culated melting-point depres- 
sions with those observed when 
low molecular weight hydro- 
carbons are added to poly- 
thene. Fig, 3 shows the melt- 
ing-point of mixtures of a 
polythene (M.W. 14,000) with 
heptane (M.W. 100), cetene-2 
(M.W. 224), paraffin wax (M.W. Fig. 2, — Calculated melting-point depression. 
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350), and a polythene of M.W. 650. The melting-point is depicssccl most by 
the lower molecular weight materials, and the actual values of tlie depres- 
sion are similar to those calculated from equation (10) and sho\yii in Pig. 2. 
No doubt more precise quantitative agreement could be obtained by ad- 
justing values of n and c, but in view of the assumptions made in the 
derivation of equation (10), it does not seem justifiable to attempt to fake 
a quantitative correlation too far at this stage. 


lOG. 3. — Observed molling-poiat' 
depression, 

O Heptane, M.W, 100, 

0 Paraffin wax, M.W. 350. 

# Cetene--2, M.W. 224, 

0 Degraded polythene, 

M.W. 650.’ 



Effect of Low M.W- Material on Crystallinity below the Melting- 
point. — It can be seen from equation (S), that the addition of low 
molecular weight material to polythene leads not only lo a reduction in 
melting-point, but also to a more amorphous material below the melting- 
point and to a more gradual melting. As an example, Fig. 4 shows the 
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point and the degree of crystallinity at any temperature below 
both decrease. We may thus expect to find that polythenes with low 
melting-points have low degrees of crystallinity, and hence low densities, 
at room temperature. This is shown in Fig. 6, a plot of melting-point 
against densit}^ for a number of polythenes made under different poly- 
merisation conditions, samples made by thermal degradation of polythene, 
and mixtures. The densities recorded in Fig. 6 were measured after 
annealing at a high tempera- 
ture, usually 100° C., for one 
hour, but are not to be re- 
garded as corresponding to 
equilibrium degrees of crys- 
tallinity. All of the samples 
whose densities and melting- 
points were recorded in Fig. 6 
had molecular weights above 
5000. 

Chain Branching, Crystal- 
linity and Melting-point. — It 

was noted earlier that changes 
in the degree of molec- 
ular chain branching might 
partly account for the variations in the melting behaviour of polythene 
samples. Although it has been shown that changes in the proportion 
of short chain material leads to parallel changes in melting-point and 
crystallinity at ordinary temperatures, all of the variations in Fig. 6 for 
example, may not be due to variations in this factor, but may also be due 
to changes in the degree of chain branching. It would, fn fact, be very 



Fig. 5. — Observed effect of vaseline on 
crystallinity of polythene. 



Fig. 6. — Relation between 
melting-point and crystallinity 
(density) at 20° C. 

0 Polythenes (different polymn. 
conditions) . 

# Thermal degradation products 
of polythene. 

3 Polythene — ^parafhn mixtures. 


difficult to interpret all of this variation in terms of changes in molecular 
weight distribution alone. Fig. 3 shows that a depression in melting- 
point of 10° C. is caused by about 40 % of cetene, of molecular weight 224, 
or 60 % of paraf&n wax, of molecular weight 350. Such quantities of 
very low molecular weight material are certainly not present in normal 
polythene samples, although there may be such a variation in melting- 
point at a constant molecular weight. The amount of material which can 
be extracted from a normal polythene of molecular weight about 15,000 by 
leaching with cold benzene (or which remains in solution when a solution 
of polythene in benzene is cooled to room temperature) is usually in the 
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range 0-5 to 5-0 %, and has an average molecular weight of the order of 
1000. Extraction of tills material, or addition of similar quantities of it 
to polythene only varies the melting-point by one or two degrees, and 
there seems to be no doubt that variations in chain branching largely 
contribute to the differences in melting-point and crystallinity of polythene.. 
It is worth noting here that it is very difficult to distinguish between the 
effects of a broadening molecular distribution and an increase in chain 
branching, because there is evidence that in a given sample of polythene 
the lower molecular weight species have more frequent side groups. The 
fact that the cold-soluble fraction of polythene, although it has a mole- 
cular weight of the order of 1000, is a largely amorphous grease, indicates 
that it is probably far from being a straight chain paraffin. 

The effect of chain branching on solid structure is normally considered 
in terms of the inability of a short side group (or, in the case of a long side 

group, the chain atoms in the region 
of the fork), to fit into the normal 
crystal structure, but the effect may 
also be considered as being due to 
the alteration of the balance be- 
tween the entropy and heat con- 
tent factors which governs melting- 
phenomena. The addition of low 
molecular weight material decreases 
the melting-point and crystallinity 
because it increases the entropy of 
the amorphous regions. Chain 
branching may have the same 
effect. A side methyl group may 
increase the ease of rotation about 
the adjacent C — C bonds. This will 
lead to a greater number of possible 
configurations in the amorphous, 
state, and, by changing the values 
Fig. 7,— Extreme types of crystallite of n, b and c in equations, would 

growth mechanisms. ■ decrease Tj, and S at any value of 7'. 

Apart from the effect on the flexi- 
bility of the chains, it seems possible that the conligurational entropy of 
the amorphous regions may be increased merely because a segment 
bearing a side group differs from the normal segment of unbranchod 
chains, thus leading to a greater number of statistically distiiiguLhahle 
configurations. 

The Melting Mechanism. — It is noted above that the model on wliich. 
the theoretical treatment of the melting of polythene is based assumes 
growth of crystallites from a number of nuclei, increasing lengths of mole- 
cules taking their place in ordered regions as temperature is decreased. 
This may be called longitudinal crystal growth (Fig. 7 [a)). Bunn and 
Alcock ’ have, however, pointed out that the X-ray and optical behaviour 
of polythene in the region 20-120° C. indicates that crystallite growth, 
like crystal growth in short chain paraffins, probably takes place predomin- 
ately by a side to side accretion of approximately parallel portions of 
chains — ^lateral crystal growth (Fig. y{b)). Furthermore, it seems probable 
that all of the crystal nuclei are not formed at the same temperature, new 
ones being formed as T decreases. Conversely, as the temperature is 
/raised, the smallest crystallites, containing the shortest lengths of polytlaene 
chain, are likely to disappear first, the largest persisting, with no appreciable 
diminution in size, until the higher temperatures. 

A somewhat analogous behaviour would be found 011 heating a suspen- 
sion in a liquid paraffin of a mixture' of crystals of solid paraffins of varying 
chain length, e,g. CioHai to CeoHi22- The lower molecular weight crystals. 


(a)Lon^il‘ucfinaL 

(6) La tura!. 
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miglit be completely dissolved before the higher had been appreciably 
affected, because of the great sensitivity of solubility to chain length. 
This analogy might be carried a little further, in order to show that the 
gradual melting of polythene is partly due to the distribution of crystallite 
size. For example, if one assumes (ct) a distribution of crystallite size 
about an average, and ( 5 ) an increase with chain length in the temperature 
Tjf at which each crystallite melts or dissolves in the amorphous regions 
similar to the change of melting-point of crystalline paraffins with chain 
length, it is easy to see that the overall crystallinity must change in a 
manner qualitatively similar to that observed in practice. But the dis- 
tribution of crystallite size must not be regarded as the fundamental cause 
of a wide melting range in a crystalline polymer. The theoretical treat- 
ments given by Frith and Tuckett ® and in this paper are valid for a system 
in which all crystallites have the same size at any given temperature, and, 
returning once again to the analogy of a suspension of a crystalline paraffin 
in a liquid hydrocarbon, even when only one species of paraffin is present, 
the percentage of crystalline matter in the system as a whole will vary 
continuously with temperature. 

Summary. 

The melting-points of polythene samples are normally 20-30° below 
the value expected for a pure linear paraffin of comparable chain length, 
the melting process extends over a much wider temperature range and the 
solid is not entirely crystalline even at room temperature. Samples with 
the same average molecular weight, as indicated by intrinsic viscosities, 
can vary as much as 15° in melting-point. These variations may be due 
to changes in molecular weight distribution and in the degree of chain 
branching. 

By an extension of the statistical thermodynamic treatment of Frith 
and Tuckett, an equation is derived for the variation, with temperature, 
of the degree of crystallinity of a long chain linear paraffin containing 
various proportions of short chain paraffinic liquids which are concentrated 
in the amorphous regions of the solid. From this equation a further 
equation is derived for the change of melting-point with the proportion 
and molecular weights of the added liquid. The theoretical results are 
found to be in fair agreement with observed data for the depression of 
melting-point by paraffins of various molecular weights. The theoretical 
results suggest that there should be a connection between the crystallinity, 
and hence density, of the solid at ordinary temperatures and the melting- 
point of the sample ; this is shgwn to be in accord with observed data. 

The presence of side gi'oups will have an effect similar to that of short 
molecules, and by increasing the entropy of the amorphous regions will 
lead to a more amorphous polymer. Part of the variability in melting- 
point and crystallinity in polythene is no doubt due to variation in the 
degree of chain branching. 

The author wishes to acknowledge the assistance of Miss E. D. Carter. 
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Several equations have been suggested to account for the variation 
of the ionisation constants of weak electrolytes with temperature. For 
example, the equation/ 


log K - A/r -H 


B log r , 


C log^ T 
T 




(I) 


has been found to be satisfactory for formic, acetic, propionic, and butyric 
acids in water over a range of 50“^ C. and provisionally for formic acid in 
70 % dipxane-water mixtures, where A, B, C and D are constants for an 
acid in the particular solvent in which dissociation takes place. It was 
considered important to extend the range of the equation, and especially 
to discover whether (a) it always applied to dissociations in media of 
dielectric constants widely different from that of water, {b) it held for the 
dissociation of substances which are not fatty acids and which may have 
ionisation constants of a different order of magnitude. Now the form of 
the equation chosen to express the .temperature variation of ionisation 
constant influences to some extent the calculated values of the various 
thermodynamic constants such as AS° and ACp. Thus the oppor- 

tunity has been taken of computing some thermodynamic constants, 
pertaining to the equilibria studied, using the new equation as basis, 
comparing the values obtained with those calculated from other suggested 
equations, and of considering their variation with changing dielectric 
constant of medium. The Table gives the results in compact form. 


Discussion. 

The values of AG^^w^n A 5 °ijo 8 *i are mostly in agreement 

with those obtained using other equations as bases. For example, for 
acetic acid in 20 % dioxane-water, AH^hah-i — “■ 102 cah, and AF^^oa.i — 

— 24*6 cal. /deg., whereas Everett and Wynne- Jones « give A/f'^ues-i 

— 70 cal., and A5^2 ob*i = — 24*4 cal. /deg., using the equation 

logK A/T + ^logT + B 

with the assumption that ACp is invariant with respect to temperature. 
For formic acid in 20 % dioxane- water, Harned and Done,® using the 
equation 

log K - - A/T + B - CT, 

calculate — — 354 cal. and AF^ogg.i ~ — 26-9 cal, /deg. These 

compare satisfactorily with the new values now quoted. Owen,’' using 

^ Jenkins, Trans, Faraday Soc., 1944, 40, ig. 

2 Hamed and Kazarijian, /. Am, Chem, Soc., 1936, 58, 1912. 

® Harned and Done, ibid., 1941, 63, 2579. 

^ Wright, ibid., 1934, 56, 314. ' ^ Owen, ibid,, 1934, 5<>. 24. 

^’'Harned and Hamer, ibid., 1933, 55, 2194. 

Owen, ibid., 1934, 56, 1695. 

® Everett and Wynne-Jones, Trans. Faraday Soc., 1939, 35, 1380. 
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Acid. 

A 

B 

C 

D 


Sj 


5* . 

Pi 

0 

I. Acetic in water 

-4^7-500 

-4607*951 

2493*551 

— 16*0988 

6484 

— 120 

— 22*1 

-39*1 

-37*1 

3. Acetic in 30 % 
dioxane-watei* 

-8203I-42 

71558*95 

—16090*03 

-6*3803 

7222 

— 102 

— 24*6 

-51*8 

-39*3 

3. Acetic in 45 % 
dioxane-water 

— 60194*68 

50551*47 

—10784*02 

-2*4969 

8599 

-392 

— 30*3 

-53*<> 

-43*6 

4. Acetic in 70 
dioxane-water 

—124366*02 

110171*4 

-25332*55 

r2*67S2 

II292 

-615 

-39*9 

-66*4 

—48*1 

5. Formic in water 

-13179*30 

6612*350 

-75*4314 

-12*8765 

5114 

“30*7 

-17*3 

-45*9 

-42*0 

6. Formic in 20 % 
dioxane-water 

-14932*00 

8094*64 

, —377*260 ! 

-13*5304 

5699 

—380 

— 20*4 

-47*9 

-43*7 

7- Formic in 45 % 
dioxane-water 

—58801-32 1 

48868*87 

— I0231‘20 

-3*3426 

6942 

— 1102 

-27*0 

-57*5 

-47*4 

S. Formic in 70 % 
dioxane-water' 

-65198*80 

55230*10 

-11865*39 

—3*0420 

9566 

. . . . 

— 1510 

-37*2 

-56*1 

-45*4 

9. Chloracetic 

23933-3 

— 26992*o 

7896*06 

-21*2725 

3901 

— 1107 

-i6*8 

-33’<> 

-34*8 

xo. Glycine, First 
acid dissociation 

-101333*0 

! 90696*4 

-21121*3 

i 8'554 

3202 

1043 

- 7*25 


—30*0 

ri. Glycine, Basic 
dissociation 

17366*0 

1 — 19880*1 

5687*34 

-14*269 

5752 

3710 

— 10*2 

— 31*0 

—22*2 

12. Water 

-18966*68 

9081*341 

-630*1332 

—12*8087 

19084 

13463 

— 18*9 

-47*7 

-43*4 

13. Meta-boric 

— 140600*0 

125782*0 

-29371*00 

21*5980 

12593 

3191 

-31*5 

-59*5 

-39*6 


the equation for metaboric 
acid, 

-3-68 X io-^i?T2(767*-^) 

finds that 

AH°;>9e.i = - 3360 cal, 

which can be compared 
with — 3191 cal. For water, 
Harned and Hamer,® using 
an equation of the form, 

log K = 

-ajT -ftlog T -cT 

find Afir°2Sfl.i = 13490 cal., 
whereas the value now 
found is 13463 cal These 
agi*eements are unlikely to 
be fortuitous, only prevail- 
ing at 25 “"C. One other 
example may however be 
mentioned, the temperature 
now being 273-1“ K. For 
water AH°o-3.i Harned and 
Hamer find a value of 
1 45 1 3 cal. while the value 
given by the new equation 
can be calculated to be 
14599 cal 

However the values cal- 
culated for ACp vary con- 
siderably and show very 
little agreement with those 
6 



Fig, I. 
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found using the other equations. Occasionally we find what appears at 
first sight to be reasonable agreement. Thus Harned and Hamer give for 
water as — 42*5 cal. /deg, whereas our value is — 43*4 caL/deg. 

'rhis harmony, wherever it exists, is soon destroyed when we examine the 
effect of temperature on ACT- For water at 0° C. Harned and Hamer give 
ACV’’’*^ —- 40*1, and at 50^" C. ACV^®*^ = — 45.1 or 
• — 5‘0 cal. /deg. The corresponding quantity calculated using equation 
(t) a.s basis is 

(A 6 y^^ 3 *^- ACp»’ 5 'i) (- 39*7 + 477) = + 8-0 cal. /deg*. 

Again for formic acid in 20 % dioxane-water 

— ACp*’®*!) = — 47*1 + 39*8 = - 7*3 cal. /deg. 


according to Harned and Done, whereas the corresponding quantity 
using equation (i) is + 8*4 cal, /deg. Everett and Wynne- Jones assume 
an invariant ACp with respect to temperature and no agreement can 
in general be expected. However these authors, starting from the Born 
equation, deduce that ACp should be given by 


ACp 


Zh^B(B- I) 
2f DT 


(2) 


Inserting values of D and T for water, it can be shown that there is a 
6 % increase in the absolute magnitude of ACp over a range of 50'' C. 
In the figure will be found for acetic acid, and 

and AjfiPage-i formic acid plotted against the reciprocal of the dielectric 
constant of the medium for water-dioxane mixtures. In each case the 
linear relation only holds in dilute water solution and bi’eaks down in 
solutions of low dielectric constant. A closer inspection of the graph 
published by Everett and Wynne- Jones (AS'^oos.i against x/D for acetic 
acid) reveals that their line is really a curve. Their argument, however, 
that only part of the entropy is electrostatic is re-inforced and the non- 
electrostatic parts can easily be obtained from the graphs for acetic and 
formic acids. The similarity of the curves for AS'’, ACp and AI-P is 
striking and may prove useful in the theoretical elucidation of the problem 
of ACp which no doubt is a composite quantity. 

Summary. 

The experimental data for the electrolytic dissociation of many wea-k 
acids in water and dioxane-water mixture.s have been subjected to a 
theoretical analy.sis, using the equation 

log K - A/T PB log T/T + C log^ T/r + D. 

This equation has been found to be satisfactory. Agi'cement witli other 
equations has been found for AH°, AG^ and AS^', but not for AC'p. A 
similar type of curve is given when AS°, AIP and ACp i.s plotted against 
the reciprocal of the dielectric constant o£ the medium. 


5 /. Martinis Vicarage, 

Bradley, Bilston, Staffs. 
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Kinetic Energy, Potential Energy and the Virial Theorem in 
Quantum Theory. 


In any conservative dynamical system where magnetic interactions 
can be neglected it is possible to assign a quantitative meaning not only 
to the total energy E, but also to the kinetic energy T and the potential 
energy 7 . This is equally true in classical mechanics and in quantum 
theory, but in both cases the total energy E has a status different from, 
that occupied by T and V. Thus in classical mechanics J? is a constant 
of the motion, while both T and V -will in general vary with the time. 
In enclosed systems (e.g. atoms, molecules, or particles in containers) 
this variation will be a periodic one, and values can be given to the time 
averages of T and V, The position is similar in quantum theory, . which 
in general predicts only "average” or "expectation” values of any 
dynamical variable G, usually denoted by G. Ho-wever there is this dif- 
ference, that the quantum-mechanical value is not a time average but a 
probability average. In the case of the total energy we find that 
for any value of n : hence E has a definite value, and the bar can be 
omitted. Such quantities are described as constants of the motion. 
The same is not true for T and V, which are not constants of the motion, 
and only average values of these quantities can be predicted theoretically 
or observed in practice. In any system composed of charged particles 
and represented by a wave-function tp the usual rules of the quantum 
theory give 


V 


i, i i 


(^) 


with the usual notation. 

It is not possible to devise any type of experiment which will measure 
directly the average internal Idnetic or potential energy of an atom or 
molecule. These quantities are, however, accessible in principle, since 
if we determine completely the distribution of charge and momentum in 
a molecular system {e.g. by investigations of electron diffraction or the 
Compton ehect) the values of T and V can be calculated. Thus ^ the 
complete velocity distribution for electrons in H, He and has been 
calculated theoretically and observed experimentally by means of the 
shape or profile of the iiiodihed Compton line. However, for any equilib- 
rium system involving only Coulomb forces, if E is known there is no point 
in making such observations, since the values of E, T and V are related 
very simply by the virial theorem 


£ = - T = 17 . . . . (2) 

which is equally valid in classical mechanics and in quantum theory. 

Application to Diatomic Molecules. — In an atom the only internal 
kinetic energy belongs to the electrons, while in a molecule both the 


1 Hicks, Physic. Rev., 1937, 52» 436. 
141 
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electxons and the nuclei will have internal kinetic energy. However, owing 
to the much greater mass of the latter, the theoretical problem can be 
divided into two parts. 

(a) An idealised system is considered in which the nuclei have no 
kinetic energy, and are held fixed at an arbitrary distance R apart. By 
solving the wave equation for the electrons a number of electronic energy 
levels are obtained, of which only the lowest will be considered here. The 
value of the energy, and also the shape of the electron distribution, will 
depend on the value chosen for the distance i?, and we shall write the energy 
of the lowest level as E(R). E(R) is a total energy, and involves the 
kinetic energy of the electrons and the potential Coulombic energies of 
the electrons and nuclei. 

(h) A second artificial system is considered in which the nuclei move 
subject to a potential energy given by F'(i?) = E{R), and the electrons 
are not explicitly considered. Solution of the wave equation for this 
system gives the rotational and vibrational levels for nuclear motion in 
the lowest electronic level. 

This procedure is of course only an approximate substitute for an 
exact solution of the complete wave equation, but it can be shown " that 
it represents a very good approximation provided that the nuclei are not 
too close together. It is clear that the virial theorem in the vSimple form 
(2) cannot be applied directly to either of the stages (a) or (b) above. In 
(a) it is necessary to imagine the application of an external force dE/di? 
to each nucleus in order to hold them a distance R apart, and the potential 
energy of the system is thus not wholly Coulombic. The same applies 
to the artificial potential energy V'(R) = E(R) in (6), 

However, in the fixed-nucleus problem [a) for a diatomic molecule 
a more general form of the virial theorem can be used with profit, as has 
been shown by Slater.® This is derived from the general relation 

27 ' = - 2 -f . . . (3) 

i 

where Pa.., etc., are the co-ordinates and the components of force acting 
on the nuclei and electrons. The forces on the right hand side of (3) 
are composed partly of the Coulomb forces between the nuclei and electrons, 
and partly of the impressed forces ± dE /clR on each nucleus. The former 
contribute as before — F to the virial, and the latter give two terms which 
combine together in the form — RdEfdR. Hence (3) can be written 

2r _ y ME/dR .... (4) 

or alternatively, since E — 7 " + V, 

f = - E - RdE/dR - d/dR(RE) 

T=2E+ RdE/dR = 4 d/dR{R‘E) . . . (5) 

If dE/dR = 0 (i.e. at the equilibrium intenfuclear distance R R^) 
these equations reduce to (2), since for this value of R the system is held 
in equilibrium by Coulomb forces alone. At other internuclear distances 
equation (5) makes it possible to calculate T and V from spectroscopic 
data, since these yield a curve for the dependence of E upon R. This 
equation has been obtained for a diatomic molecule in which there is only 
one internuclear distance, but it is easily extended by the addition of 
more terms to the case of a polyatomic molecule. 

Some confusion has arisen about the use of the terms “ potential 
energy*' and “force" in molecule formation. Thus the plot of E{R) 

® Born and Oppenheimer, Ann. Physik., 1927, 84, 427. 

® Slater, /. Chem. Physics, 1933, L ^^ 7 ' 
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against E is often referred to as a " potentiaLenergy curve/’ It does in 
fact represent the potential energy of the external force which must be 
applied to bring the nuclei from infinity to the distance E, and it plays 
the part of a potential energy in calculating the quantum levels for nuclear 
vibration, as in (6) of page 142. On the other hand, in the actual molecule 
the only true potential-energy terms are those of Coulombic interaction, 
and a considerable part of the change of E(R) with R is due to changes in 
the kinetic energy of the electrons. The difference in interpretation 
clearly arises from the fact that by separating the effects 
(a) and (b) earlier we are in each case dealing with an 
artificial system involving an external constraint which 
is foreign to the actual interactions in the molecule itself. 

A simple mechanical parallel is obtained by considering 
the arrangement in Fig. i. The rotating mass M is 
attached to an elastic string which passes through a ring 
at O and is held in place by an external force F. If 
now the distance OM is shortened by a slight increase 
in F, the work done by F (potential energy) is balanced 
partly by a change in the potential energy of the stretched string and 
partly by a change in the kinetic energy of rotation of M. 

Apart from questions of nomenclature, it is important to realise that 
when the nuclei of a molecule are displaced, the orbits of the electrons 
are altered, so that there is a change not only in the Coulombic potential 
energy of the electrons and nuclei, but also in the kinetic energy of the 
electrons. Failure to realise this has led to misconceptions about the 
nature and magnitude of the forces acting on the nuclei in a molecule. 
Thus both Hellmann ^ and Feynman ® have concluded that the force 
on any nucleus (considered fixed) is just the classical electrostatic at- 
traction exerted on the nucleus in question by the other nuclei and by 
the electron charge distribution for all the electrons.” This erroneous 
conclusion is formally justified by the equations f 




Fig. I. 


Since H = T + F, there is an obvious error in these equations due to the 
omission of the term 'dT /<)R. This cori’esponds to the part of the force 
depending on variations in kinetic energy. It is true that the operator 


T^= — formally involves only the electronic co-ordinates, so 




that it might be concluded that == " o* However, the 


quantity which we really want is 


DE 


j 


i/f*T ipdv, and it is easily seen that 


this is not zero. For example, in the simple case of one electron in the 
field of two nuclei, 0 is most naturally written in terms of and the 
distances of the electron from the two nuclei. In order to carry out the 
evaluation of T we must express both i/j in terms of the same vari- 

ables, and in doing so E will appear explicitly in either or j/r : hence 


the value of 


— ( 


if)*Tipdv will not in general be zero. 


It is thus not per- 


missible to take the operator Tij'bR inside the integral sign : i.e. we cannot 
f) r r 'bF 

write — j i/f*r j/f dz; = j — i/r dz;, at least if we retain the ordinary 


significance for bT/'bR. Similarly, we may not (as both Hellmann and 


^ Hellmann, " Einfiihrung in die Quantenchemie,” Leipzig, 1937, P- ^^ 5 - 
^ Feynman, Physic. Eev., 1939, 56, 340. 
t Feynman,^ p. 341, equation (3). 
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Feynman do) write j" dy ; for V is a function of rj^, and 

i?, and we cannot assign any meaning to a change of V in which JR varies 
hut and are kept constant. 

Approximate Wave -functions and the Virial Theorem. 

It is never possible to obtain exact wave-function for molecular 
problems (other than Fl.-t), and there is usually some choice between 
diflerent forms of approximate function, each having adjustable para- 
meters. The usual test for estimating the quality of an approximate 
function is to compare the observed and calculated values of the total 
energy E. For a given type of wave-function the adjustable parameters 
should be chosen so that the value of F is a minimum with respect to the 
variations of any of them. In the neighbourhood of this minimum the 
value of E is insensitive to relatively large changes in the wave-function. 
As pointed out by Slater, ^ an independent and more vsensitive test is 
provided by comparing the calculated values of T and V (equation (i)) 
with those derived from spectroscopic data (equation (5)). It is sometimes 
stated ® that the only ultimate criterion for the validity of variation 
wave-functions lies in comparison with observed values of E.^ This is 
of course not the case. In addition to the comparison of T and V values, 
there are a number of other criteria quite independent of experimental 
data, of which the most straightforward is to test how far the wave- 
function satisfies the wave-equation for different values of the co-ordinates, 

The values of T and V obtained from approximate wave-functions by 
means of equation (i) wall not in general satisfy the virial relations (2) 
or (3). Thus Hirschf elder and Kincaid® have shown that the Heitler- 
London perturbation ivave-f unctions for and Ha'*' give values of 2 " 
and V for R ~ Rq which conflict wildly with (2). However, this limitation 
to the application of the, virial relations has not always been realised. 
Thus Frenkel ® in treating H3 + by the Heitler-London method first derives 
expressions for T and V, and states that the corresponding expression 
for E can be obtained either from £ = T + 7 , or from equation (5). 
Actually, of course, different expressions are obtained in the two cases, 
only the former method yielding the correct result 

The extent to -which an apjproximate wave-function satisfies the virial 
relations can be used as an index of its quality, independent of experiment. 
Thus, suppose w^e consider any physically reasonable wave-function 
involving a single parameter A. The virial relation will be satisfied for 
a particular value A^, and from this point of view A^ can be regarded as 
the " best " value of the parameter. Another value, A,i, can be obtained 
by the usual variational procediu*e of minimising E, but in general A* 
and Xa will, be different. However, there is one type of variational para- 
meter for which Aj and A^ are identical. This is the scale-factor (or screen- 
ing constant) s, which occurs in the wave-function as a factor multiplying 
all distances between particles. Fock has proved that if the scale- 

‘^E.g. Dushman in Physical Chemistry" (Taylor and Glasstone, 1942), 
Vol. I, p. 338. 

^ See e.g. Coolidge and James. /. Chem. Physics, 1933, i, 825 ; Physic. Rev., 
1937, S60 ; Bartlett, Gibbons and Dunn, ibid., 1935, 47, 679. 

® Hirschfelder and Kincaid, Physic. Rev., 1937, 52, 658. 

9 Frenkel, " Wave Mechanics — ^Elementary Theory " (2nd edition, Oxford, 
1936, p. 289). 

f In Frenkel's treatment each of the integrals L, M and I occurring on the 
expressions for J' and V has been incorrectly evaluated, and a further error has 
been made in writing down the final formula for T 4- V E (p. 292). However, 
not even these incorrect forniulaa are consistent with equation (5). 

^®Fock, Z. Physik, 1930, 63, 855. 
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factor in an atomic wave-function is adjusted so as to give the minimum 
value of E, then the virial relation T ~ — •JF = — E is automatically- 
satisfied. Hirschfelder and Kincaid ^ have shown that the same result 
applies to a molecule with equilibrium intern uclear distances. We shall 
now show that this result can be extended to any arbitrary internuclear 
distances provided that we use the more general virial relation (5). 

Ey T and V can be written as functions of the internuclear distance R 
and the scale-factor 5. From dimensional considerations we have. 

f(s, R) = s^T(i, sR), V{Sy R) = sV(j, sR) 

E{s, R) = s^f{i, sR) -f sV{i, sR) , . . . (7) 


For every value of R there will be a value 5 — s'(R) which will make E 
a minimum ; s'(R) is therefore defined by the equation 








(S) 


and hence from (7) 

[„T(., .R) + F(., SR) + - »■ fe) 

Multiplying by 5 and using (7) this becomes 


The differential coefficient in (10) implies that E{s, R) is first differentiated 
with respect to R, after which s is put equal to However, the 

order of these processes can be inverted, since we have 


dE{s'{R), R} ^ ds'{R) r I -hEiSy R) ] n . 1 

di? di? Ll c)5 j = L I Di? /sJ5==.s'(-R) 


and the first term on the right is zero- from (8). Equation (10) then becomes 
ms'{R). R] ~ V{s'{R), S] + = o . (12) 


i.e., the virial relations {5) are satisfied provided that s is given the proper 
functional dependence upon R required by the condition of minimum 
energy. 

Either (8) or (12) can be used for determining the best value of the 
scale-factor for a given value of R, but for non-equilibrium values of R 
equation (8) will be the more convenient. However, at the equilibrium 
distance Rq (supposed known) the replacement of (8) by 

f(s^, Ra) = i?o) = o • ■ • (13) 


will often save some algebraic working. Moreover, if s'{R) has been 
determined from (8) for a range of values of R, then equation (13) is a 
more sensitive test for determining the value of Rq than is the condition 
dE/dR = o. 

As already mentioned, if A is a parameter other than a scale factor, 
the best values A^, Af, obtained respectively from the variation and virial 
conditions will not be identical. Since A^ gives the best value of E ob- 
tainable with the given type of function, the value E^ corresponding to 
Aj will be a less accurate value than E^, though it seems likely that in many 
cases the difference between and will not be great. However, it 
should be pointed out that if a trial wave-function contains more, than 
one adjustable parameter, then the virial condition provides only one 
relation between the parameters, while the condition of minimum energy 
provides as many equations as there are parameters, thus enabling the 
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values of all of them, to be determined. In most molecular problems, 
therefore, the usefulness of the virial condition will be restricted to the 
improvement of a wave-function already arrived at by a variational process. 

Application to the Molecules and Hg. 

The various approximate wave-functions which have been suggested 
for these two molecules are frequently made a basis for the treatment of 
other molecules, and for general ideas on the nature of the chemical bond. 
It is therefore of interest to consider the true values for the kinetic and 
potential energies of these two molecules, and to compare them with 
the predictions of different types of approximate wave-function. 

[a) Exact Values of V and T * — In the case of H2+ the most accurate 
estimate of the true values is obtainable from the exact theoretical treat- 
ment of Hylleraas.i^ It has been shown that the energy levels predicted 
by this treatment are in complete accord with the rather scanty spectro- 
scopic data. For the Hg-molecule the energy curve has been derived 



from the o^erved spectrum by Rydberg, For both molecules we have 
calculated T and F from by using the virial relation (12), dE/dE 
being obtained by taking differences and interpolating. In both cases 
a small extrapolation has been made for large values of E, assuming a 
curve of the Morse type. 

Figure 2 shows the curves thus obtained, expressed in atomic units 
of distance (0*528 a.) and energy (27*08 e.v.). The curves have been 
displaced vertically so as to make E, f and V each zero for infinite inter- 
nuclear separation. (If a common energy zero were taken for E, V and T, 
then the curves would be considerably separated for large values of E ; 

for H2 + the asymptotic values when E tends to infinity are E ^ -~o-5oo, 
T == 4- 0*500, V != — i-ooo, all measured relative to infinite separatioi^i 
of the individual electrons and nuclei, However, the method of plotting 
adopted here is more convenient when considering the process of bond 
formation.) The curves for f and V are not Imown as accurately as E, 
but there can be no doubt about their general shape. Somewhat similar 
curves have been previously deduced by Slater by assuming that E is 

i^Hylleraas, Z, Physik, 1931, 71, 750, 

1=^ Sandeman, Proc, Roy. Soc„ Edinburgh, 1935, 55, ; Richardson, Proc, 

1935* 503 J Beutler and Jiinger, Z, Physik, 1936, lOi, 304. 

Rydberg, Z. Physik, 1932, 73, 382. . yo » , ^ 
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of the form — + B/y*”, though his curves differ from ours in several 

respects. 

Figure 2 illustrates several points which are likely to apply to bond 
formation in general. As the two atoms approach, the first effect is an 
increase in V, more than counterbalanced by a decrease in T, With 
decrease in R, V passes through a maximum, followed soon afterwards 
by a minimum in T. In the neighbourhood of the equilibrium point 
(marked by an arrow in Fig. 2) the binding energy is due to a decrease 
in V, a part of which is counterbalanced by an increase in T. When R 
becomes considerably less than Rg, the increase of T predominates over 
the decrease in V, leading to repulsion, and finally at very small inter- 
nuclear distances V also increases. The last effect is shown in the curve 
for H2’*', but not in that for Hg. This is because the spectroscopic data 
give no information about the course of the energy curve when the total 
energy exceeds the dissociation energy of the molecule. In the case of 
the theoretical treatment shows the rise in V to be due to repulsion 
between the nuclei, and there is thus no doubt that it will occur in all 
molecules for sufficiently small values of i?. It is interesting to note that 
the curves for Ho-** are throughout similar to those for i.e. there are 
no essential differences in behaviour between the one-electron and the 
two-electron bond. 

Slater ^ has shown how tliis rather complex behaviour of F, F aud T 
can be plausibly interpreted in terms of electron distribution and the 
uncertainty principle. Here we shall only point out that any picture of 
the chemical bond in terms of potential energy alone is not even quali- 
tatively correct, and may be quite misleading. Similarly, any separation 
of the total energy into energy of attraction and energy of repulsion is 
illusory, and conclusions based on such a separation must be open to 
question. 

(6) Approximate Wave-functions for HgH- and Hg. — ^The simplest 
types of approximate wave-function for these molecules are those built 
up from hydrogen-like atomic wave-functions. If the exponents of these 
atomic functions are left unaltered, the corresponding molecular functions 
are described as “ perturbation wave-functions,'’ while if an adjustable 
scale-factor is inserted in the atomic functions the term " variation 
wave-function " is used. In the case of the Ha molecule the atomic 
functions can be combined in two ways, corresponding to the electron- 
pair and molecular orbital methods of calculation. Unless otherwise 
stated, our calculations refer to the electron-pair method. The wave- 
functions and the energy-curves derived from them have been discussed 
in detail in a previous paper. 

Figures 3 and 4 (full curves) show the values of T and V obtained by 
applying equation (i) to these approximate wave-functions. The true 
values (cf. Fig. 2) are shown by the broken curves. It will be seen that 
the variation method predicts curves which are of the right general form, 
and which lie quite close to the true values. This is to be expected, since 
the variation method gives reasonable values for the total energy, and we 
have already seen that the introduction of a scale factor automatically 
satisfies the virial relation, thus ensuring a reasonable apportionment 
between kinetic and potential energy. On the other hand the perturbation 
method gives curves which bear no resemblance to the true state of alfairs, 
except for very large values of R, In the neighbourhood of R — Rq the 
perturbation method does not even predict the correct signs for T and V 
(relative to R = 00). We must therefore conclude that the perturbation 

See &,g. Evans and Warhurst, Trans. Faraday Soc., 1939, 35, 593. 

Conlson, Trans. Faraday Soc., 1937, 33 » I 479 - 

6 * 
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method gives a very misleading picture of the changes which take place 
in the distribution and momenta of the electrons when two atoms combine 
to form a molecule, Although it gives a reasonable curve for the total 
energy, this results from the cancellation of large errors in both T and V, 


The extent of the errors involved can be seen from Table I, which com- 
pares the values of dE/dR and — (T T -E) /R derived from the perturbation 
functions : for a correct wave-function or for a wave-function which 
includes a scale-factor, these two quantities are equal {cf. equation (5)), 
Agreement is again bad except for large values of R. 


We have also carried ^out a few calculations with molecular orbital 
wave-functions for both with and without the introduction of a scale- 
tactor. For moderate values of R the results differ only slightly from those 
of the corresponding electron-pair calculations, being a little ]4s accurate, 
in know that the approximations involved 

wave-functions is invalid, the results are, of course, 

gi early in error. 
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TABLE I. — -Perturbation Wave-functions 


H2+. 

Ha. 

R. 

dEfdR. 

-{T-\-E)JR. 

R. 

dE/djR. ' 

~iT^E)fR. 

0*5 

- 3751 

— 2*109 

0-5 

- 37 

- 1*44 

i-o , 

- 0732 

— 0*146 

1*0 

- 0*55 

-h o*riS 

i '5 i 

— 0*209 

o*o6i 

1*5 

— 0*049 1 

4- 0‘tSr 

2-0 1 

- 0*054 

-f- 0*084 

2*0 

-f- 0*058 

+ 0131 

2-5 

— 0*001 

+ 0*073 

Z‘5 

-f o*o66 

4- o*o8o 

3-0 

-j- 0*019 

+ 0*057 

3*0 

4 - 0*048 

1 + 0*045 

4‘0 

4- 0*022. 

H- 0*030 

4*0 

-j- 0*016 

j 4- 0*012 

5-0 

+ 0*014 

-b 0*014 

5*0 

4- 0*004 

4* 0*003 

1 


It should be emphasised that the satisfactory behaviour of the variation 
wave-functions is only obtained if the scale-factor is allowed to vary with 
R, The use of a 
fixed scale factor 
would give satis- 
factory agreement 
for a particular tO'Z 
value of R, but 
the variation of 
T and V with R £ 
would be mis- 
represented, as in ^ 
the perturbation ^q .2 
treatment. Fig. 5 
shows the varia- 
tion of Ej V and -^'4 
T with the scale- 
factor s for a fixed 
value of R near 

the equilibrium point. It will be seen that T and V are much more sensi- 
tive to small variations in s than is E. 

Summary. 

1. The virial theorem is used to distinguish between the potential 
and kinetic energies associated with a molecular bond, 

2. The relation between these two energies and the force on a nucleus 
is investigated, and certain inaccuracies in the literature are corrected. 

3. It is shown that the virial theorem is automatically satisfied for 
all internuclear distances provided that a scale-factor, which varies with 
the internuclear distance, is included in the approximate wave-function. 
Unless the virial theorem is satisfied, the potential and kinetic energies 
are usually much more inaccurate than the total energy of the wave-function 
would lead one to suppose. The use of such improper wave-functions 
may easily lead to quite false conclusions. 

4. These points are illustrated by detailed calculations for Hg and 
Ha, both in their ground state. It is possible here to compare the cal- 
culated values with those deduced from the observed spectrum. 

University College, Dundee. 

Balliol College, Oxford. 




STATISTICAL THERMODYNAMICS OF THE 
SURFACE OF A REGULAR SOLUTION. 

By E. a, Guggenheim. 

Received 12th October, 1944. 

1. Introduction, 

Two recent papers, one by Schuchowitzky, ^ the other b^'- Belton and 
Evans,- deal with the dependence of the surface tension of a binary 
mixture on its composition. In both these papers the essential assumption 
is that the difference in composition of the surface from the bulk is con- 
fined to a unimolecular layer. 

Whereas both the papers mentioned above are concerned mainly, 
though not entirely, with binary perfect solutions, the present paper gives 
a detailed treatment by statistical mechanics of the surface of a binary 
regular solution. The technique used is the construction of the grand 
partition function as described by Fowler. ^ 

2. Bulk Phase of Regular Solution. 

It is convenient to begin by summarising briefly the assumed pro- 
perties of a regular solution and quoting the relevant formulae which will 
be required later. Only binary solutions will be considered, the two 
kinds of molecules being denoted by A and B respectively. A set of 
sufficient assumptions for a mixture of A and B molecules to be a I'egular 
solution has been stated by Fowder and Guggenheim.'^ The two most 
important of these assumptions are that every molecule whether A or B 
has the same number z of nearest neighbours and that the total inter- 
molecular potential energy may be regarded as the sum of contributions 
from pairs of closest neighbours. A mixing energy w is defined such that 
if one starts with two pure liquids and interchanges an interior A mole- 
cule wnth an interior B molecule the total increase of potential energy is 
2w. Alternatively wjz may be defined as the excess potential energy of 
an AB pair of neighbours over the mean of the energies of an AA and a 
BB pair. 

With this model of a regular solution the thermodynamic properties 
can be determined with various degrees of accuracy. The zeroth order 
approximation, which completely neglects deviations from complete 
randomness due to non-zero w, and called by Fowler and Guggenheim ^ 
the crude treatment *' will be used here. Let the molecular fractioiivS of 
A and B in the mixture be and %, so that Xji ^ i. The partial 
potentials of Gibbs for the molecules A, B in the .solution are then 

related to their values in the pure liquids by 

= Mi + kT log + xlw, . . . (2.1) 

Mb = Mb + kT log x-B + xlw. . . . (2.2) 

^ Schuchowitzky, Acta Physicochimica U.R.S.S., 1944. ^9* ^7^- 

* I was not aware of Schuchowitzky 's paper until the present paper had 
already been submitted for publication. References to Schuchowitzky 's paper 
have been inserted subsequently. 

2 Belton and Evans, Trans. Faraday Soc., 1945, 41,1. 

^ Fowler, Proc. Camb. Phil. Soc., 1938, 34, 382. 

* Fowler and Guggenheim, Statistical Thermodynamics, Cambridge University 
Press (1939)/ henceforth referred to as F. and G., § 814. 

s F. and G., § 818. 
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Instead of the partial potentials /i it -will be convenient to make frequent 
use of the absolute activities ® A defined by 

fi = kr log A, . . . . (2.3) 

Corresponding to (2.1), (2.2) one has 

log Ai = log sfiA® + x\w(kT, . , . (2,4) 

log Ab = log . . . (2.5) 

where the superscript ® refers to the value in the pure liquids. 

3. Model for Surface. 

I assume firstly that the molecules in the surface are packed in the 
same manner as in the bulk making the same contributions per pair of 
neighbours to • the potential energy, and secondly that the difference in 
composition from that of the bulk is confined to a single layer of mole- 
cules at the surface. Consider now any molecule in the surface layer. 
Let the number of its neighbours in this layer be Iz and the number of 
its neighbours in the next layer be mz, its total number of neighbours thus 
being [I -f m]z. It is clear that the corresponding total number of neigh- 
bours of an interior molecule will be {I 2m)z, but by definition this number 
is z. Consequently 

l-^2m=r (3.1) 

In a simple cubic lattice z == 6 , I = and m — i/6, while in a close 
packed lattice z ^ iz, I — xjz and m = 1/4. 

4. Thermodynamic Functions of Pure Liquids. 

Consider now a quantity of the pure liquid A containing interior 
molecules and surface molecules. Molecular partition functions 
and f\ can be defined such that the total (Helmholtz) free energy P 
of the system has the form 

P log A - log A. . . (4.1) 

The molecular partition function will contain the factor Qxi-g{xJkT), 
while f\ will contain the factor exp([^ -f- m~\xJkT), where Xk denotes 
the molecular energy of evaporation at the absolute zero. There may 
also be differences between and f\ in the factors for some of the rota- 
tional or vibrational degrees of freedom. 

At ordinarily low pressures, when one may ignore the difference be- 
tween the (Helmholtz) free energy F and the Gibbs' function G, the mole- 
cular (Helmholtz) free energy in the bulk phase is effectively equal to 
the molecular partial potential and consequently 

= 1 (4-2) 

If the surface tension of the pure liquid A is and the surface area 
is A, then 

yj.A=F~ {Nj, + 

= F - (Ni + N\)kT log A" 

= - N'^ kT log A®/'/ 

= N\ kT log . . . . (4.3) 

or, if a denotes the area per molecule in the surface layer, 

y^a ^ - kT log A®A = kT log . . (4.4) 

An analogous set of relations holds for the pure liquid B. 

® T. and G., § 602. 
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Any one of formulae (4,1), (4.3) or (4.4) may be regarded as defining 
the partition function of a molecule A in the sui'face of the pure liquid. 
ISly object in devoting so much space to the definition and properties 
of /T is to make it quite clear that when one comes to construct a partition 
function for a surface layer of a mixture, if a factor exp (— wIzkT) is used 
for each AB contact, then the contributions of AA and BB contacts are 
correctly taken care of by using one f\ factor for each A molecule in the 
surface layer and one /T factor for each B molecule in the surface layer. 


5. Surface Layer of Mixture. 

Consider a mixture of A and B, of molecular fractions and re- 
spectively, having the form of a cylinder or prism of cross-section 
Imagine this to be sliced in two normal to its axis of symmetry, thus 
creating two new free surfaces each of area \A, the total area of the newly 
created surface thus being A. Let the number of molecules in a layer 
of area A be denoted by N'. Now imagine the whole of the new surface 
area A to be covered over with a fresh layer of N' molecules of which 
N'a = are of type A and N'-q = of type B, so that x\ + x\ ~ i . 

Whenever I refer to a thermodynamic function of the surface layer, 
I shall mean the excess of the function for the final system after covering 
with the new layer over that for the initial system before slicing in half. I 
shall also denote by W the product of wjz and the excess number of AB 
contacts in the final system over the number in the initial system. 


6. G.P.F. of Surface Layer. 

The ordinary partition function of the surface layer as defined in the 
previous section is 


N'\ 




(6.1) 


I recall that /Y, /Y were defined in § 4 and IT in § 5 in such a manner that 
all contributions to the intermolecular energy from A A and BB contacts 
as well as AB contacts are correctly included in (6.1). 

The corresponding grand partition function S is given by 


^=2 \ x ', n ( w ^ N -) ! . (6.2) 

where the summation extends over all values of x\ and x'^ subject to 


.vY + at'b == I (6.3) 

Using an approximation equivalent to Stii-ling’s theorem, since N' is 
very large, one can with sufiicient accuracy replace (6.2) by 


2, 

^ A* B 


(6.4) 


where the summation is subject to (6.3). 

It is now necessary to express W as the correct multiple of w (z. Using 
the zeroth (" crude ") approximation mentioned in § 2, one assumes 
complete randomness in the surface layer as in the bulk. In the slicing 
process described in § 5 the number of AB contacts destroyed, assuming 
complete randomness, would be ImzN' [x^x^^ + x^^xff ; thus the number 
created would be 

- \mzN\Xiycj, + x^xf). . . . (6.5) 

In covering the newly formed surface with a new layer of N' molecules, 
again assuming complete randomness, the number of AB contacts created 
vnthin the new layer is 

lzN'x\x'^, . . . . ( 6 . 6 ) 



E. A. GUGGENHEIM 


153 


and the number created between the new layer and the underlying layer is 

- • ■ (^-7) 

Adding (6,5), (6.6) and (6.7) one thus obtains for the net increase in the 
number of AB contacts 

*i- yii{x\p(-Q -4- X ^x^ ■ • (^•^) 

Multiplying this by wjz one obtains for W 

W ^ N'w{Ix\x'-q + m[x\x^ -f x'^qXj, — x^Xj^)}. . (6.9) 

In view of {6.3) and the analogous relation between Xj^ and one can 
replace (6.9) by the equivalent 

W — N'wx\{lx^ + mx^) -j- N'wx'-q{Ix 2 + mx\). . , (6.ro) 

The reason for preferring the form (6,10) to (6.9) will appear later. 

Substituting from (6.10) into (6.4), one obtains finally for the grand 
partition function 

x' x' 

X [^b/b exp {— t}x'^ + inx^i)wlkT}lx'-BY^^', (6.11) 

where the summation is over all x\, x\ subject to {6.3). 

7. Maximisation. 

As usual one may with sufficient accuracy replace S by its maximum 
term S*. Differentiating S with respect to x\ and x'-q, subject to 
dix\ -h ^x'^ = o, and equating to zero one obtains 

= \.Kf\ exp {- (Ix'^ + mx^)wlkT}lx\Y' 

M'b + mxl)w/kT}/x'-BY'- ■ ( 7 . 1 ) 

111 other words the condition of maximisation is that the two factors wdthin 
the square brackets [] in {6.1 1) should be equal to each other. 

Taking logarithms and multiplying by ~ kT one obtains from (7.1) 
- kT log S* = N'kT log ^ + N'wiK^ + mxl) 

A 

= N'kT log ~|- N'w[lx'l -4- . (7.2) 

8. Surface Tension. 

At negligible pressures there is an extremely simple relation between 
the grand partition function of the surface layer and the surface tension y, 
namely 

yA ^ — kT log Eci — kT log S*. . . . (8.t) 

Using (7.2) and introducing the area per molecule a ==: A/N' one obtains 

ya = kT log 4- w[lx^-\- mx\) 

= kT log + w{lx'l + mx^^, . * (8.2) 

^b/ b 

’ F. and G., § loii. 
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Substituting for Ag from (2.4), (2.5) into (8.2), using (4.2) and (3.1), 
one obtains 

ya = kT - ^b) “ 


= kT\cg^^^+wl(.2-A) 


■ wmx. 


(8.3) 


By comparison of (8,3) with formula (4.4) for the surface tension 7^ 
of the pure liquid A and the analogous formula for one finds 


y-n + v'osj; 


= Vb + 


kT 


^ X -R , /o Ov w 2 


(8.4) 


Equations (8.4) together with (6.3) form a set of 3 simifitaneous equations 
determining x\, x'-q and y in terms of x^, Xr, and y^. 


9. Surface Tension of Perfect Solution. 

In the special case when the mixing energy w is zero the regular solution 
becomes a perfect solution and formula (8.3) simplifies to 

’‘/f = + x/X . . (9.1) 

b/b /a /b 

By using (4.4) this can be transcribed as 

^^yajkT ^ . . . (9,2) 


Q—yajkT = : 

kfk 


which is perhaps the most instructive form for the dependence of y on 
composition in a perfect solution. It is surprising that neither Schucho- 
witzky nor Belton and Evans give this form of the mixing law for the 
surface tensions of perfect solutions, but only less symmetrical forms 
equivalent to it. . 

In an equimolecular mixture X}^ ~ and (9*2) can be transformed 

to 

UT 

y = y (A^^/2kT) {Xi, = % = ^), . . (9.3) 

where 

y = i{yA + yB)» A = y^ — yA {94) 

Since for liquids forming perfect solutions with each other A /y is unlikely 
to exceed oa, one may usually with sufficient accuracy replace (9.3) by 

y = y - A^ (Xj, ^Xr^ . . . (9.5) 

obtained by replacing log cosh (Aa/a/cT) by the first term of its expansion 
as a power series. 


10. Other Thermodynamic Functions ^ 

Following Gibbs one defines the various thermodynamic functions of 
a surface as the excess for the actual system over an idealised system in 
which composition and densities (of matter, energy and entropy) are 
imagined to remain homogeneous right up to a hypothetical geometrical 
surface parallel to the interface. When this hypothetical geometrical 
surface is shifted normal to the interface, the values of the thermodynamic 
functions associated with the surface become altered, but the important 
relations between these functions remain invariant.® Among these rela^ 

® Cf. Guggenheim and Adam, Proc. Roy, Soc., A, 1933, 139, 218. 
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tions are the following, valid at constant temperature and at negligible 


pressure. 

dE® = yd.A -p /i^dA® -|- 

= ydA -f kT log + k2^ log A^dA^], . , . (ro.x) 

jp® ~ yA 

= 4 - Nl kT log A^ 4- Nl kT log A^ 

= A|f® + A^, . . - . . , . (10 .2) 

F® = ya 4 - = ya 4" lc)g Aj^, . . . . . , . (10.3) 

F® = yct *4 jLtg = yd -|- k'T log Ajj, ..... (to. 4) 


ATS TV'S ATS AJS 

- dy = 4 l>d/XB = -A/cTd log A^ 4 log A,,. . (10-5) 

AAA A 

The superscript S has been attached to functions associated with the 
surface to distinguish from those associated with the bulk phase. It has 
not been attached to y and A since these quantities cannot be associated 
with a bulk phase ; nor to p. and A since these have the same value in the 
surface as in the bulk phase. In particular E® denotes the free energy 
of the surface and f® , f® the corresponding partial molecular free energies 
in the surface. Since the pressure is assumed negligible the Gibbs function 
G is indistinguishable from the (Helmholtz) free energy F. In formulae 
(10.3), (10.4) I have used the same symbol a for the partial molecular area 
of either A or B because in the present model they are assumed equal ; 
it would genei-ally be more correct to write in (10.3) and % in (10.4). 

To correlate the formulae of the previous sections with those associated 
Avith Gibbs' geometrical surface, it is most convenient to place this im- 
mediately to the inner side of the outermost unimolecular layer. This 
leads to 

A® = A"^ == . . (10.6) 

One can then deduce from (8.2), (10.3) and (10.4) 

F® == /cTlog ^ 4 4 mxl), . . {J^o*7) 

J A. 

= kT log^ + w{lxj + , , . (eo.8) 

J B 

^ log p + kT log p- 

N' J L / B 

+ wilx’iX'-B 4- mx\x\ 4- w;tt Vi) • ( tO'9) 

If Gibbs' geometrical is placed elsewhere, the relations between 
A®, A® on the one hand and A 4 on the other become altered and 
all the thermod5mamic functions become coiTOspondingly modified, V)ut 
y remains invariant. 

11. Comparison with Experiment. 

The theoretical formulae for perfect solutions have already been com- 
pared with experiment by Schnchowitzky ^ and by Belton .and Evans ; ^ 
the agreement is reasonably good. Unfortunately I do not know of any 
pair of liquids forming a regular solution for which accurate experimental 
data are available for both the surface tensions and the heat of mixing, 
which determines w. I therefore postpone any attempt to compare my 
more general formulge with experiment. 



156 SINGLE-WIRE SURFACE PRESSURE BALANCE 

Summary. 

Tile grand partition function is constructed for a binary regular 
solution on the assumption that the difference in composition of the 
surface from the bulk is confined to a unimolecular layer. From this 
the dependence of the surface tension on the composition is deduced. 

Imperial College, 

London, 


A SIMPLE SINGLE-WIRE SURFACE PRESSURE 

BALANCE. 

By Kenneth G. A. Pankhurst. 

Received 2%th December, 1944. 

In the course of some work on monolayers just before the war, a 
single-wire surface pressure balance was designed and used for high and 
low surface pressure measurements. 



Fig. I. 

Although several single-wire instruments have been used by various 
workers, this particular design was capable of a sensitivity of ca. o*oi 
dyne/cm,, which is believed to be much greater than that hitherto achieved 
by such instruments and compared favourably with Adam and Jessop's 
sensitive two-wire design. A few details of its construction have already 
been given, 2 but some further information may be of use to those wishing 
to construct a simple yet sensitive surface pressure balance. 

Fig. 1 is a detailed diagram of the instrument which has a phosphor^ 

^ Adam, The Physics and Chemistry of Surfaces, Oxford, 1938, 2nd ed., pp. 
29 ff. 

2 Pankhurst, Proc, Roy, Soc., A, 1942, 179, 393. 
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bronze torsion wire, T, ca. 20 cm. long and situated some 5' cm. above the 
surface of the liquid. The mirror, M, indicating the position of the float, 
is mounted at the centre of this wire. Some sensitivity is lost through 
the mirror being further from the surface than when mounted on a lower 
wire, but this is offset by an increase in length of torsion wire of about 
<50 per cent. A paraffin-coated mica float, F, separates the clean from the 
film -covered surface, the ends being joined to the sides of the trough by 
silk threads lightly vaselined or paraffined, as used by GuastallaA making 
a film-tight seal. A light framework, ABC, soldered on to the torsion 
wire carries a holder for the mirror at B, and has two prongs, P, which are 
a slightly loose fit in two holes in the float. The wire can be tensioned and 
its torsional zero adjusted by two concentric cones, X and Y, at one end ; 
the torsion applied to balance the surface pressure on the float being 
measured by a torsion head, operated through a worm gear by a vertical 
detachable insulated handle, H. Calibration was effected in the usual 
way by hanging a weight from C, The torsion wire which governs the 
sensitivity of the instrument is readily replaced with a soldering iron. 
For normal use a wire 0-20 mm. diameter was used, giving a sensitivity 
of ca. 0*20 dyne /cm. /degree twist. For low pressure work this was re- 
placed by one O’li mm. diameter, thereby increasing the sensitivity to 
about 0.019 dyne /cm. /degree. 

The machine was screwed on to a base plate, D, ca. 65 cm. long and 
20 cm. wide, wliich was supported on three levelling screws (not shown in 
Fig. i). The trough, Tr, is also supported on three levelling screws, L, 
which operate through the base plate. Air currents must be carefully 
avoided, especially for low pressure work. Adequate protection was given 
by the large Faraday cage necessary for the electrical shielding of the, 
apparatus when surface potentials are measured and in which the apparatus 
is normally used. 

The modus operandi was essentially that described by Adam.^ The 
size of trough need not be rigidly standardised, although a long narrow 
type is desirable (ca. 60 cm. x 14 cm. x i‘5 cm. internal dimensions). 
The whole apparatus was made of brass which was nickel plated, with the 
exception of the trough which was of fused silica to enable surface potentials 
to be measured concurrently. The nickel plating, however, is a non- 
essential refinement. 

My thanks are due to Professor N. K. Adam, F.R.S., for his interest 
and useful suggestions, and to Mr. G, W. Alliss who constructed the 
instrument. 

The Department of Chemistry, 

Chelsea Polytechnic, London, S,IY.3. 

^Guastalla, C.R. Acad. ScL, Paris, 1929, 189, 241. 


THE ABSORPTION SPECTRUM OF 
METHYLGLYOXAL. 

By Sho-Chow Woo and Sze-Tseng Chang. 

(Communicated hy Joseph Needham, F.R.S.) 

Received 2'2nd January, 1945. 

Introduction, 

It is well known that organic compounds containing one C = 0 group, 
or more such groups not in conjugated positions, all show a characteristic 
absorption maximum in the near ultraviolet, e.g, aldehydes, ketones and 
acids give maxima at A2900, 2700 and 2100 a. respectively ; while some 
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of the compounds containing one — C—C — group, e,g, glyoxal and diacetyl, 
show an additional absorption maximuni at A4000-4500 a. The origin, 
and electronic transitions of these absorption maxima have been recently 
explained by McMurry and Mullikan ; and McMurry.2 But most of the 
latter class of compounds so far investigated spectroscopically have been 
dialdehydes and diketones. Methylglyoxal is perhaps the only a~ketonic 
aldehyde whose ultra-violet absorption spectrum has ever been studied. =* 
But unfortunately, even here, the investigation is not sufficiently thorough. 
For example, it has been investigated only in aqueous solution and no 
maximum found at A4000-4500 a. Besides, the results obtained by 
different authors do not agree very well, which might be due to impure 
material used for investigation and inaccurate methods of quantitative 
determination. 

It was thought that the absence of the longer wave-length maximum 
as given by previous investigators might probably be due to complications 
involved in the aqueous solution. From a review of the literature, especi- 
ally by Harries, Meisenhedmer, Fischer, Riley and their collaborators,* 
it can be seen that the chemical study of methylglyoxal is complicated 
by (i) its great affinity for water, mono- and semi-hydrates having been 
found and the last J HgO being removable only with difficulty ; (2) its 
great ease of polymerisation, polymers, (CHgCOCHOjn with n ^ 2, 3, 4 
and X having been reported ; (3) its polymerisation being catalysed by 
traces of water ; and (4) its tendency to enoiise. All these complications 
would certainly affect the characteristics of the spectrum, as seen from the 
cases of aldehydes,® pyi'uvic acid ® and other tautomeiic compounds.* 
It was the purpose of the present work to detect the existence of the 
predicted absorption maximum at A4000-4500 a., to measure the molecular 
extinction coefficients in non-aqueous solutions of the anhydrous monomer 
and to study the effects of water, alcohol, etc., on the characteristics of the 
spectrum and hence the structure of the molecule. 

Experimental. 

Materials, — The methylglyoxal used in this investigation was pre- 
pared by the method of Riley, Morley and Friend,* the higher boiling point 
portion after further purification by vacuum distillation being used for 
the preparation of solutions.* But the non-aqueous solutions so pre- 
pared also did not show the required longer wave-length maximum. This 
was probably due to the fact that the compound existed in these solutions 
as hydrates. Following Meisenheimer, we prepared the partially de- 
hydrated solutions in acetone and ether by drying them for days with. 

^ Luethy, Z. physikal. Chem., A, 1923, 107, 285. 

® McMurry and Mullikan, Proc, Nat Acad, Sci., 1940, 26, 312; McMurry. 
7. Chem. Physics, 1941, 9 , ^^31 ; 1941. 9, 241. 

^Reuberg and Schou, Biochem. Z., 1927, 19 1, 466; Fischler, Hauss and 
Taeufel, ibid., 1930, 227, 156; Marchlowsk, Pizlo and Urbauczyk, ibid., 1933, 

264, 437. 

* (a) Meisenheimer, Ber,, 1912, 45, 2635 ; (6) Fischler and Tanbe, ibid., 1924, 
S 7 » 1502 : 1926, 59, 851 \ (c) Riley, Morley and Friend, J, Chem. Soc., 1932, 1S75 ; 
[d) Moulds and Riley, ibid., 1938, 621. For other references see 

® (a) Luethy, Compt rend., 1923, 176, 1547 ; (b) Schou, ibid., 1926, 182, 965 ; 
1927, 184, 1452 ; (c) Wolf and Herold, Z. physikal. Chem., B, 1929, 5, 124 ; B, 1931 
13 , 165, 

® Henri and Fromageot, Bull. Soc. Chim., 1925, 37, 845 ; Fromageot and 
Perraud, Biochem. Z., 1930, 223, 213 ; Fromageot, Pelletier and Ehrenstein, 
Bull, Soc. Chem., 1932, 51* 1283. 

^See, e.g., Lowry, Mouren and MacConkey, /, Chem. Soc., 1928, 3167. 

* The authors want to express their sincere thanks to Drs. S. T, Yang and 
C. H. Kao of the Department of Chemistry, South Western Associated University, 
for their kindness in giving them the selenium required in the preparation. 
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strongly ignited calcium chloride and after filtration distilling ofi the solu- 
tion. The solutions so obtained did show a weak absorption in the required 
wave-length region. For the measurement of the molecular extinction 
coefficients it is, however, necessary to have the anhydrous monomeric 
compound which, as pointed out by Moulds and Riley, can be obtained only 
with difficulty. The method of Meisenheimer, and of Fischer and Taube, 
of distilling the partially dehydrated compound in vacuo, passing its 
vapour over calcium chloride and condensing it at liquid-air temperature 
could not he used here on account of the lack of equipment and, moreover, 
the loss by this distillation may be considerable. Thus we had to be 
content with the preparation of its anhydrous solutions, which was 
accomplished as follows. 

Riley, Morley and Friend found that methylgiyoxal forms an azeotropic 
mixture with acetone, and we have also found that it is volatile with 
ether and chloroform. Hence instead of passing its 
vapour alone over CaClg, which is essential for com- 
plete dehydration, we may use ether, acetone or 
chloroform as the carrier of its vapour, so that the 
boiling-point and viscosity of the liquid may be 
greatly decreased. This greatly facilitated the 
operation and minimised the loss. The special 
apparatus used for this purpose is shown in Fig. i . 

The solution of methylgiyoxal in acetone, ether or 
chloroform was delivered into the flask through A. 

Upon heating, the mixed vapour passed through 
tube B where it was dehydrated by the freshly 
ignited calcium chloride. The condensed mixture 
returned to the fiask through C. After one or 
two hours’ reflux, the mixture was distilled by 
replacing C and B respectively with a cork and a 
tube like B containing anhydroUvS CaCU. As shown 
by their spectrum, the solutions so obtained must 
have reached their anhydrous state. 

The solvents, acetone, ether and chloroform, 
used were respectively of Merck ['pro analysi), 

Squibb (for anesthesia), and Mallinckrodt (for anes- 
thesia) grades. They were further purified by the 
usual method of dehydration and redistillation. 

They were prepared just before use. 

Quantitative Determination of Methylgiyoxal. 

For the quantitative determination of methylgiy- 
oxal we have tried several methods, but only 
Friedemann’s method » gave consistent results. 

The method of Fischler and Boettner/ though Fig. 1. 

sometimes self-consistent, gave lower results. Since 

both of these methods were considered quantitative by these authors 
only because they gave self-consistent resulhs for certain samples of 
methylgiyoxal solution, the concentrations of which, however, were nr)t 
■definitely determined by some other reliable methods, their validity 
had still to be examined. By comparing the determined quantities wit:h 
weighed amounts of pure phenylglyoxar mono-hydrate, we ha ve proved 
the quantitativeness of Friedemann's method to within i % of error. 
The only drawback we found in this method was that when was 

used the methylgiyoxal solution acquired a yellow colour which made 
the end point somewhat inaccurate, hirom a systematic study we also 
proved the incompleteness of the Fischler-Bocttner method, and from this 
have worked out a new method which agrees very well with that of Fricdc- 
mann. 

® Friedemami, /, BioL Cheni., uyzy, 73, 331. 

^ Fischler and Boettner, Z. analyt. Chem,, '1028, 74, 28. ■ 
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Measurement of Extinction Coefficients. — Tile extinction coefficients 
were determined with a Hilger Spekker photometer and a medium quartz 
spectrograph, using a tungsten steel spark as the light source. Since it 
was found that the extinction coefficients at the longer wave-length 
maximum decreased with time, the spectrograms must be obtained as 
soon as possible after the preparation of the solutions. For chloroform 
solutions it was sometimes found necessary to reflux the solution im- 
mediately before the measurement. 

The effect of water on the spectrum was determined by measuring the 
change of extinction coefficients of the longer wave-length maximum, 
at intervals from 3 minutes to 2 hours after the addition of a definite 
quantity of "water to the acetone solution, until it was found that they 
practically remained constant within these intervals. 

The eflect of alcohol has also been studied in the same manner as that 
of water. It was found that the extinction coefficients decreased con- 
tinuously and hence no steady value could be obtained. 

In order to study whether the decrease of extinction coefficients was 
due to absorption of atmospheric moisture, photochemical change or 
polymerisation, or all three, an acetone solution of the anhydrous com- 
pound "was preserved in a dark place in a small flask with its glass 
stopper sealed with wax and after nine months its extinction coefficients 
were measured again. 


Results and Discussion. 

The results of the extinction coefficient measurements are represented 
in the curves of Fig. 2 where those for pure acetone (curve i) and diacetyl 
in hexane (curve 2) are also reproduced for comparison. 

It will be seen that the spectra of all the methylglyoxal solutions 
show the same ketone characteristic absorption maximum at A2700-2800 a. 
with only slight modifications, while that of its aqueous solution (curve 6) 
O O 
II II 

does not show the — C — C — characteristic maximum at A4000-4500 a. 
at all. That the absence of this maximum is chiefly due to the hydration 
of the methylglyoxal molecule is definitely shown by the fact that the 
maximum appeared as soon as the acetone (curve 3') and ether (curve 4') 
solutions were partially dehydrated, and also that as shown by Moulds 
and Riley, methylglyoxal is monomeric in aqueous solution. Moreover, 
the hydration must have taken place at the aldehyde group, since it has 
been shown by diflerent investigators ^ that the intensity of the — C^O 
maximum is decreased considerably by water for aldehydes but not for 
ketones. Among the most prominent cases are formaldehyde in water, 
and chloral-hydrate, where this maximum disappears completely ; and 
glyoxal in water where both this and the longer wave-length one vanish 
entirely. With two hours of refluxing in our specially designed apparatus 
we have brought the molecular extinction coefficient of the acetone and 
ether solutions of methylglyoxal to a value of log c = 1*14 at A425 and 
440 m/i, respectively. Since the values for glyoxal and diacetyl in hexane 
are respectively log e = 0*55 at A464 m/x, 0*45 at A450 m/x, 0*38 at A431 ni/x 
and log e = 1*31 at A450 m/x, 1-28. at A442 m/x, 1*29 at A423 lUfx, it is 
reasonable to suppose that the value for methylglyoxal given above actually 
represents the molecular extinction coefficient of the anhydrous compound. 

When a small quantity of water was added to the acetone solution of 
methylglyoxal, the extinction coefficients of the A4300 a. maximum 
increased somewhat. But since acetone itself also gives the latter maxi- 
mum, a maximum also somewhat affected by the addition of water, 
and since our solution was so dilute in methylglyoxal {o-oSgi m.), it was 
not possible to calculate the effect on methylglyoxal alone. After the 

Ley and Arends, Z. physikal. Ghent., B, 1931, 12, .132, 
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addition of water, the extinction coefficients reached their steady values 
almost instantaneously. Assuming the A4300 a. maximum as solely due 

00 

to the — C— C — group, which is probably the case, we can calculate tlie 
effective concentrations of molecules containing this group the 
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extinction coefficients. Thus, according to Lambert-Beer’s law, we ha,V(3 
the molecular coefficient e at a certain wave-length A given Inr 

(log lo/Ih -- 
= ijc'l' {logljr), ... 
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where c, I, Kx and l\ K'x are the concentrations, absorption lengths 
and extinction coefficients of the original and diluted solutions respec- 
• tively. Hence by measurement of the extinction coefficients K'^ Ic>r the 
diluted solution we calculate its effective concentration c' from the molec- 
ular extinction coefficients ^ which have been determined from the known 
original concentration o and extinction coefficients K^. The concentra- 
tions so obtained without correction for dilution are plotted in Fig. 3, 

curve I, against the number 
of c.c. of water added to 
100 c.c. of original solution. 
It can be seen that the points 
lie on a smooth curve. Since 
the decrease of the effective 
O O 
II II 

— C — C — concentration was 
primarily due to the hydra- 
tion of the aldehyde group, 
it was thought possible that 
if certain simplified assump- 
tions be made, some sort of 
equilibrium constant might 
be obtained from these con- 
centration determinations . 
But for methylglyoxal at 
' least two hydrates have been 
reported and possibly more 
will be discovered. Besides, the catalysis of polymerisation and de- 
polymerisation respectively by traces or large amounts of water may 
make the system even more complicated. It is obvious that a deter- 
mination of the concentration of only one of the molecular species in it 
is not sufficient to elucidate the complicated mechanism of such a system. 

O O 
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Fig. 3. 


This can also be seen from the fact that the — C — C — concentration 
determined for the same solution after being allowed to stand in an 
ordinary reagent bottle for one day dropped apparently from o-o8gi to 
0*0737 m^, not following the same curve (see curve 3) as the original. 

Wolf and Herold have in- 
vestigated the effect of water and 
alcohol on the spectra of saturated 
aldehydes. They found that the 
extinction coefficients at the 
A2goo A. maximum, decreased im- 
mediately to a constant value after 
the aldehyde is mixed with water 
but only gradually after it was 
mixed with alcohol, an equilibrium 
value being established after one 
day. From the rate of the decrease of free aldehyde concentration they 
could determine the rate of formation of semiacetal and acetal. Our 
results on the effect of water and alcohol on methylglyoxal showed the 

O O 
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same characteristics. The variation of the — C — C — concentration 
(corrected for dilution) with time after the addition of 0*4 c.c. C.TI5OH 
to 100 c.c. of 0*0890 m/x methylglyoxal solution is given in Fig. 4. It 
will be seen that this curve has the same form as those obtained by Wolf 
and Flerold for saturated aldehydes and shows between 3-10 minutes 
an inflection which according to Wolf and Herold signifies the change of 
rate of concentration decrease by the formation of acetal fi'om semiacetal. 
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After nine months' preservation in a wax-sealed flask in a dark plaee, 
O O 
II II 

the concentration of — C — C — decreased from 0*0891 m. to 0*0293 

O O 
II 11 

This indicates that the decrease of the ■ — C — C — concentration must be 
partly due to polymerisation. 


Summary - 

(1) The existence of the A4300 a. absorption maxiiniim due to the 
conjugated carbonyl groups has been proved for anhydrous methylglyoxal 
in non-aqueous solvents. 

(2) A new method for the preparation of anhydrous methylglyoxal 
in non-aqueous solvents has been described. 

(3) The molecular extinction coefficient of the A4300 a. maximimi for 
anhydrous methylglyoxal has been found to be : CH 3 COCHO in acetone, 
log € = 1*14 at A425 m/i, and in ether log € = 1*14 at A440 in/x. 

O O 

(4) The decrease of the — C — C — concentration with the addition of 
water to the acetone solution of methylglyoxal is regarded primarily as 
due to the hydration of the aldehyde group. 

O O 

. II li , . . 

(5) The decrease of the — C — C — concentration with the addition of 
alcohol to the acetone solution of methylglyoxal is regarded as due to the 
formation of semi-acetal and acetal. 

The Institute of Chemistry, Academia Sinica, 

Kunming, China, 


THE Adaptation of bact . lactis aero - 
genes TO VARYING CONCENTRATIONS OF 
AN ANTIBACTERIAL DRUG (PROFLAVINE). 

By D. S. Davies, C. N. Hinshelwood and J. M. Pryce. 

Received iSih November, 1944. 

In a previous paper ^ we described qualitative and quantitati\'e ol)- 
servations on the adaptation of Bact. lactis aerogenes to resist the anti- 
bacterial action of three basic dyes, proflavine, methylene blue and crystal 
violet, each used at a single concentration. The effects described were 
explained in terms of the hypothesis that the dye interferes with the 
operation, but not the synthesis, of a certain member of a series of enzymes 
responsible for the utilisation of the foodstuffs in cell growth. The growth 
of other enzymes, dependent on substances in consequent short supply, 
is retarded and this funders the growth of the cell as a whole. The rate 
of synthesis of the inhibited enzyme is, however, not affected, with the 
result that this enzyme expands in relation to the rest of the cell This 
expansion serves to compensate for its decreased activity in the presence 
of the drug, so that the total output per cell of the essential products 
returns to the normal level. 

One consequence of this assumption is that the precise degree of 
adjustment of the enzyme balance, i,e. the degree of adaptation, should 
depend upon the extent to which the enzyme has been inhibited. This, 

^ Davies, Hinshelwood and Pryce, Trans. Faraday Soc,, 1944, 40, 397. 
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in turn, should be determined by the drug concentration at which training 
has been carried out, so that the modified cells should possess an im- 
munity quantitatively related to the training concentration. What follows 
is a theoretical and experimental analysis of this problem. 

General considerations. — In the previous paper (Part IV) we con- 
sidered an adaptive system consisting of two enzymes : the first produces 
an active intermediate, which is partly used by the second and partly 
lost into the medium or otherwise, and attains in the region between the 
two enzymes a concentration c. The rate of synthesis of the second enzyme, 
R, is related to c by an expression having the form of a Langmuir adsorption 
isotherm, R = /?c/{i •+ he). The curve relating c and R is referred to 
as the c-R curve and resembles Fig. i. In the present work we are con- 
cerned with the adaptation of the bacteria to grow without lag in the 
presence of proflavine. The lag has been supposed to end when a critical 



Fig. I.— Relation be- 
tween rate of action of 
enzyme and concentra- 
tion of intermediate. 


concentration of some metabolite is built up. This must not be confused 
with the intermediate of concentration o above, but is itself, directly or 
indirectly, a product of enzyme 2. The synthesis of enzyme 2 and the 
rate of formation of its products will be linked together : we therefore 
make the working hypothesis that the minimum lag (with respect to age),® 
L, of the cells is inversely proportional to R, Thus L == {Alk)[hc A- t)/c. 
In the absence of drug, when the cells are at the age of minimum lag', 
c = cA which is constant for a given strain of cells and depends upon 
the balance of enzymes i and 2. In the presence of the drug c'l is assumed 
to be reduced to a value c since the operation of enzyme 1 i.s impeded. 
The minimum lag, Lq, in absence of drug is then given by 

Lo - [Alk)[hc\ +. x)lc\ 
and the increase in presence of drug by 


L - Lo == {Alk){ilc - ilc\) . . . (i) 

This can be used in conjunction with an equation for the variation of c 
with the drug concentration, m, to express the relation of L and m for 
various values of c\, the latter, which is constant for a given strain char- 
acterising the degree of training. 

In the simplest case c will be reduced in proportion to the drug con- 
centration, so that c = c'l — fni, where / is a constant for a given drug. 
Substituting for c in i we have then ^ 


whence 


L 

1/(1, -L.1 = 


ft(c\ -fm) 


A 

kc\ 


A\fm f 
® Lodge and Hinshelwood, J. Chem. Soc., 1943, 213. 


(2) 
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Proflavine Adaptation and Lag. 


With the object of applying these equations, various series of experi- 
ments were carried out, Bact, lactis aavogenes was subcultured in presence 
•of a, particular concentration, P, of proflavine until it had become com- 
pletely trained, i,e. until further subcultures caused no further increase 
in the drug resistance : 6 to ro subcultures were deemed sufficient for 
; this purpose. For the higher values of P the initial subculture was made 
with cells already trained at an intermediate concentration. The trained 
■culture was tested by transferring o*i c.c, portions, at the end of the 
logarithmic phase, into a series of media containing a range of proflavine 
concentrations. Cells of the age chosen grew with a minimum lag, the 
value of which was measured for each of the proflavine test concentrations 
(m). This minimal lag, L, was plotted against the test concentration. 
The whole series of tests was then repeated for cells trained at a higher 
value of the concentration P. 

Figure 2 illustrates the results obtained for values of P from 0 to 164 
mg. /I. (this concentration unit is equivalent to parts per million). It is 
seen that for each trained 


TABLE I. 


strain there is a certain 
Tange of tolerance to 
the drug, but that for 
test concentrations 
greater than a certain 
limit the lag rises rapidly 
towards infinite values. 

Special conditions apply 
to the results for very 
high values of P, which 
will be considered sepa- 
rately. For the present 
we shall deal only with 
the range up to about 
400 mg. /I. 

In Fig, 2 the spacing along the m-axis between adjacent curves is 
approximately equivalent to the difference in the corresponding values 
of the training concentration, P, This is shown by Table I which gives 
the values of Wiooo> value of the test concentration for which the 
minimum lag reaches 1000 minutes (in the standard test at 40*0°). The 
agreement between the last two columns indicates a very close correlation 
between the proflavine concentration and the degree of adaptation which 
it evokes. 


^Wiooo- 

Wl000~ 40* 

P. 

30 

— 10 

0 

50 

10 1 

10 

62 

22 

22 

^4 

42 

43 

II4 

74 

84 

137 

97 

112 

242 

202 

164 

490 

450 

430 


We may now test the applicability of equation (2). Since, for a given 
strain, only L and are variables, plotting i/(L — Lq) against i jm should 
give a straight line of slope kc'p/Af and intercept — kc\IA. From these 
values we can find relative values of c\ for each strain, since c\ = / x 
slope/(-intercept). For most values of P straight lines are obtained over 
a wide enough range to allow the calculation of The results are given 
in Table II, in which comparison of the first and last columns reveals a 
close relation between c\ and P. This is expressed approximately by the 
equation 

—f[P 54 )- 


Since / is constant, c\ is a measure of the degree of adaptation. Its 
value is in fact determined mainly by the horizontal spacing of the curves 
in Fig. 2 and small variations in their shape will not much affect it. 

On the basis of equation (2) and the experimental results we obtain 
the equation 

r/(i- - io) = i-o X ro-'‘((P + 54)7»t - (P + 54)} . . (3) 
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which gives the lag L of organisms trained at a proflavine concentration 
P when tested in a proflavine concentration m. is the value of L 
when m == o and in all our experiments had a value of about 70 minutes. 



Fig. 2. — Relation between lag (minimal) and proflavine concentration for 
various trained strains of cells. 


Calculations of L from this equation gives curves almost coinciding with 
those obtained experimentally {cf. Fig. (3). Equation (3) predicts that the 
lag increases asymptotically to infinity Avhen the test concentration exceeds 

the training concentra- 
TABLE IL tioii by 54 mg. /I. This 

corresponds well with 
observation. In detail, 
however, certain devia- 
tions from equation (2) 
are observed. In the 
plots of i/{L — L„) 
against ijm the values 
o f obtained as 
above, should be pro- 
portional to the actual 
slopes, kc\^IAf. This is 
found to hold when c\ 
does not exceed 1 50/, be- 
yond which point there 
is considerable deviation. 
The intercepts should be proportional to c\. For lower values of c\ 
there is good agreement but deviations occur for values greater than 150/. 
We will now consider the significance of the relation 

^'a=/(-P+54)- 



c'l//. 


0 

54 

0 

JO 

65 

JI 

22 

77 

23 

43 

99 

45 

84 

123 

69 

112 

152 

9S 

164 

265 

211 
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Let us consider a hypothetical curve showing the relation between c, 
the concentration of the active metabolite and R the rate of working of 
the enzyme (Fig. r). 

Suppose the steady value of c for normal cells in the absence of the 
drug is Cl. We have assumed that in the presence of an amount m of 
proflavine c is reduced to where — — fm. If training occurs 

increases to some value c\. If the trained cells are now transferred to a 
medium free from drug, they will be able to produce the intermediate 
more freely than before and c will increase from c'g to c\. If P is the 
training concentration, c\ will therefore be related to c\ by the relation 

c\ = c'. -f fP 

and if c\ is constant for all degrees of training, c'l is a simple function of P. 

Now, experiment has shown that c\ = 54/ - 1 - P/, which shows that 
c'o has the value 54/ and is in fact constant for all values of P. This 
confirms the view that when proflavine reduces c below the flat part of 



Fig. 3. — Forms of lag-concentration curve for K = infinity and for Vi — 2*5, 
for different trained strains. Continuous curves : K == infinity, 
broken lines : K = 2-5. 

the c-P curve, the resulting training always restores 0 to the sam.e constant 
value. The fact that the family of experimental curves governed by (4) 
includes that for the untrained cells (P = o) indicates that c'n = c^. When 
no training has occurred c\ coincides with : hence 

Cl = c\ = 54/ + o = <^'2- 

Thus it appears that the level to which c is restored each time by adaptation 
is the normal level. That represents a point only just on the flat part 
of the curve is indicated by the small degree of tolerance of the cells to the 
drug when P = o. The above arguments require that the maximum 
amount of proflavine which the cells will tolerate without considerable 
inhibition should be approximately equal to the training concentration 
as is actually found . 
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Quantitative Differences in the Action of Drugs. 

In the above treatment it was assumed that c = c'j — fm, i,e. that the- 
drug causes something like a c^uaiititative titration of an active product. 
We are not yet in a position to say what the precise mechanism of the 
inhibition is, but we must take into account the possibility that it is- 
governed by a reversible process. This could be schematised, for example, 
as follows : — 

drug -p active product = inactive product -f displaced groups. 


The effect of the drug would be expressible in terms of an equilibrium 
constant, K ^ x-Ra - x){M - x), where a and M are the initial amounts 
of active product and drug and the amount inactivated, c would 
decrease as at increased, and as an approximation we might identify c 
with {a — x), also writing M = fm, where / is a constant for conversion 
of units. Then 


[a — x) ~ a 


Whence c = 


a -b M - [a- - 2aM{i - 2/K) -f M^]i' 

2{i -- J/K) 

c\ +/m— [c\^ — 2c\fm(i-‘ 2jK) + /W-]i 
2(1 -- I/A) 


This may be combined with (i), using arbitrary values for the constaiitvS^ 
to discover the type of relation between the minimum lag and the drug 
concentration indicated by the theory for different values of K. 

Figure 3 shows the families of curves obtained for varying values of 
c\ at two standard values of K, namely infinity and 2*5 : the constants 
/and A /k having been set equal to unity. It will be seen that for very 
large values of K, (L — Lq) rapidly approaches infinity as m increases, 
and that the calculated family of curves closely resembles that found, 
experimentally in the case of proflavine. In the theoretical treatment 
of these experiments given above the assumption that K was large was 
in fact tacitly made. For smaller values of K, over comparable ranges 
of L values, the family of curves has a very different appearance. It 
will be of interest to investigate the lag-concentration relations for other 
drugs in the light of this comparison. Preliminary results with methylene 
blue show some resemblance to the dotted curves in the figure, but it cannot 
be said whether the parallel is exact. 

Since the actions of drugs, which fall short of an effectively complete 
titration of the active intermediate are unlikely to be describable by a 
scheme as simple as that given above, it will be preferable to approach 
the matter empirically, writing c = <j) being a function to be 

determined by comparison with experiment. As we have seen, with 
proflavine <j){m) ^ fm, where /is constant, describes the results very well.. 
Other drugs are under investigation. 

In conclusion it may be remarked that, apart from any assumptions, 
the essential results of this paper are directly related to experiment in 
the following ways : the almost quantitative titrating action of the pro- 
flavine follows from the steep rise of the lag towards infinity at definite 
values of the drug concentration : the principle that training restores 
some function almost precisely to its normal and original level follows 
from the spacing of the family of lag-concentration curves at intervals, 
corresponding to the training concentrations. 


Summary. 

Previous work indicated that when bacteria become adapted to resist 
the action of drugs an adjustment of enzyme balance occurs, and that 
there should be a quantitative relation between the degree of adjustment 
and the concentration of the drug which provokes the '' training Theor- 
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etical equations are given connecting the lag (minimal with respect to 
age) of -a given strain of cells, tested at various drug concentrations, with 
the steady concentration established in the cell of an essential metabolite 
whose synthesis the drug impairs. In this way the effect of training at 
various drug concentrations can be predicted. 

Experimental curves have been determined showing the relation 
between lag and proflavine concentration for strains of Bad. lactis aerogenes 
trained respectively to a series of increasing concentrations of the drug. 
These curves form a family, the spacing of which is directly related to the 
concentration at which training occurred. They are adequately described 
by the equations. One conclusion from the results is that the concentra- 
tion, c, of the intermediate metabolite is at first reduced by an amount 
directly proportional to the proflavine concentration, and that subsequent 
adaptation restores c to precisely its normal level. The simple behaviour 
holds over a considerable range of drug concentrations (0-200 mg./L) 
but appears to break down at very high concentrations (to which, although 
with more difficulty, the cells are still adaptable). 

Physical Chemistry Laboratory, 

Oxford University. 


REVIEWS OF BOOKS. 

Bibliography of Solid Adsorbents. By V. R. Deitz. (United States 

Cane Sugar Refiners and Bone Char Manufacturers, and the National 

Bureau of Standards. Washington D.C., 1944. Pp- xxxi + 877.) 

As its title indicates this is not a text-book or review article but, 
•to quote from the title-page, “An annotative bibliographical survey of 
the scientific literature on bone char, activated carbons, and other tech- 
nical solid adsorbents for the years 1900 to 1942 inclusive.“ Accordingly 
no attempt is made to assess any work referred to, nor to indicate any 
probable trends for future research, fundamental or industrial. Never- 
theless it is an interesting and significant publication, jointly sponsored 
by government and industry, being the beginning of a broad programme 
of fundamental research on sugar refining problems in general. 

Following a brief historical review of the development of commercial 
adsorbents, principally in relation to the sugar* refining industry, the 
bibliography of 6002 references is set out over some 800 pages, each 
individual reference following closely the pattern set by Chemical Abstracts. 
The seven main chapters, each subdivided into a number of sub-sections, 
are as follows : — 

I, Adsorption of Gases and Vapours on Solid Adsorbents. 

II. Adsorption from Solutions on Solid Adsorbents. 

III. Thermal Effects in Adsorption Processes. 

IV. Theories of Adsorption. 

V. Refining of Sugars and Other Applications of Adsorbents. 

VI. General Information on Adsorbents and Special Methods of 
Investigation. 

VII. Preparation of Carbon Adsorbents. 

Of these Chapter VI is of particularly general interest as it illustrates 
the diverse impact of solid adsorbents not only upon industry, agriculture 
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and the arts, but upon many aspects of research problems in organic and 
physical chemistry, in biochemistry, and in medicine. 

In addition to the main and sub-sections there are very full author 
and subject indexes, and it is felt that this compilation is one type of sum- 
mary of scientific literature for wliich there will be an increasing need 
as the bounds of science are further extended. 

Although no attempt has been made to check the degree of complete- 
ness of the references, neither the reviewer nor any of his colleagues has 
noted any omissions. In fact the field seems to have been covered 
extremely comprehensively, a tribute to the author in view of its 
magnitude and diversity. 

A. E. A, 

Catalogue of Lewis ’s Medical Scientific and Technical Lending Library 

(London, H. K. Lewis & Co, Ltd. Pp. viii and 922, Price To 

Subscribers : 12s. 6d. net. To non -subscribers ; 25s. net.) 

This well-known book has been brought up-to-date to the end pf 1943. 
The previous complete edition was issued in 1937 much for its 

popularity that a new edition should be required so soon instead of as 
heretofore after an interval of ten years, bridged by supplements. 

This is a specially interesting production as in only three years' time 
the library will celebrate Its centenary. The volume is worth possessing 
whether the reader is a subscriber to the library or not, as it provides a 
convenient and very full catalogue of current scientific and technical 
literature. Its completeness can only be judged by a painstaking check 
with the contents of the reader's actual (or desired) library. The reviewer 
can say, however, that every book in his own library seems to be catalogued. 

The alphabetical author index occupies 714 post 8vo pages, the classified 
subject index 207, the remaining space being devoted to an alphabetical 
list of the subject headings. The volume is excellently printed and bound 
and the only error detected is that Eve's ” Rutherford " is in the subject 
but not in the author index. 



THE APPLICATION OF INFRA-RED 
SPECTRA TO CHEMICAL PROBLEMS 

A GENERAL DISCUSSION. 

A General Discussion held by the Faraday Society on 2nd January, 
1945, in the Large Lecture Theatre at King's College, University of London, 
from 10 a.m. to 5 p.m. (By kind permission of the Principal and Delegacy 
of the College.) 

Over 250 members and visitors were present and the Chair was taken 
throughout by the President (Professor E. K. Rideal) . The papers which 
had been circulated in Advance Proof before the meeting and the Dis- 
cussion thereon appear in the following pages. 

INTRODUCTION. 

By The President. 

The purpose of our meeting here to-day is to discuss some recent 
advances in infra-red spectroscopy.. We have to deplore the death, after 
a short illness, of Sir John Fox, the Government Chemist. We had hoped 
that he, always an enthusiastic worker in this field, would have opened 
this discussion. Not only do we miss him here to-day, but our Society 
has suffered a great loss in his death. He was one of our most active and 
kindly members, willingly taking on burdens which the Society from time 
to time loaded, him with. 

It is one of the difficulties inherent in war time that the Secrecy Act 
intervenes with different degrees of rigour in the various nations. Here 
in this country much work in the field of infra-red spectroscopy has still 
to be withheld from publication. Our trans-Atlantic cousins are more 
fortunate in this respect. We have to thank Drs. Sutherland and 
Thompson for the trouble they have gone to and the great care they have 
exercised in separating the secret from the non-secret, permitting here and 
there a peep behind the scenes. 

The successful complete analysis of the vibration rotation spectra of 
even simple triatomic molecules still proves to be a formidable undertaking. 
Its extension to higher polyatomic molecules, an important field of enquiry, 
may however be facilitated by the great technological advances which 
have been made in recent years, both in resolving power and in mechanisa- 
tion and speed of recording. The next important development in infra- 
red analysis consists in the correct assignment of the fundamental fre- 
quencies to the specific intra-molecular atomic vibrations. This has been 
accomplished for a large number of triatomic and several polyatomic mole- 
cules. Information derived in this way has proved of service in the 
evaluation of specific heat and enti'opy data required for the computation 
of chemical equilibria for obtaining the axes of symmetry, moments of 
inertia and bond lengths. The replacement of hydrogen by deuterium 
in molecules containing hydrogen results in specific vibrations moving to 
lower frequencies, thus serving to check and confirm the assignments, 
evaluate more distances and check force fields. Again, these assignments 
in simple molecules permit us to develop the idea of vibrations localised 
inside particular groups and thus we can utilise the infra-red analysis for 
7 171 
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the identification of particular groups in more complex organic molecules. 
Since the infra-red vibrational frequencies involve a change in dipole 
moment in the molecule or group, when we are considering a particular 
vibration in a compound, slight alterations in the magnitude of the vibra- 
tional quantum indicate that the constraints in the intra-molecular oscilla- 
tions, i.e. the force constants, are affected by the proximity of other groups 
(e.g. dipole interaction) or by the mode and position of attachment of the 
group to the rest of the molecule. Closer analyses of these shifts are 
required since definite information on the force fields round groups are 
clearly of the greatest importance in Organic Chemistry. 

The possibility of assignment of individual interatomic vibrations and 
frequencies within a particular group is proving of the greatest importance 
in the examination of the natural and synthetic polymers. It is well known 
that the evaluation of the ratio between i : 2 and i : 4 addition in the 
synthetic asymmetric vinyl class of polymers presents great experimental 
difficulties. Exact evaluation of this ratio under different conditions of 
polymerisation would take us another very definite step forward in the 
elucidation of the Idnetics of the formation of this class of polymers. It is 
an interesting speculation whether the "link'' or kinetic unit of which 
the macromolecular chains are formed (as postulated from data on vis- 
cosity and colligative properties) is revealed in the infra-red spectrum. 

Another general field of investigation by means of infra-red analysis 
which merits detailed attention is the hydrogen bond. Thermochemical 
and colligative data, e.g. the freezing-point depressions have permitted us 
to get rough approximations to the free energy and heat changes involved 
in several hydrogen bondings. Even more accurate analysis of the equili- 
bria between bonded and non-bonded species over a wide range in tem- 
perature is now possible ; the importance of such is not restricted to the 
simple groups OH, NH and SH, but hydrogen bonding may play an im- 
portant part in both the structure of the proteins and the remarkably 
large changes in entropy associated with the phenomenon of inactivation 
or denaturation. 

Finally, one might mention the advances in radar which permit us to 
examine the infra-red spectrum in the region of a few centimetres. It is 
hoped that this interesting region may be examined in the near future. 

GENERAL INTRODUCTION. 

By Professor C. K. Ingold. 

It is probable that infra-red spectroscopy has entered upon, ta new 
period of rapid progress as a direct result of certain technical improve- 
ments about which we are to hear to-day. That, I imagine, is the main 
reason why the Council of the Faraday Society, with its iLsual quick per- 
ception of the directions which scientific progress is pursuing, decided to 
hold this meeting. 

As everyone knows, long-wave spectroscopy has contributed very 
largely to our knowledge of the structures of polyatomic molecules : for 
instance, the precise geometry of the water molecule has been determined 
in this way, and could have been determined in no other way. Vibra- 
tional spectra are the only source of our knowledge, incomplete as this 
still is, of the inter-atomic forces which hold molecules together and go\'ern 
the relative motions of their atoms. 

Apart from these direct results, vibrational spectroscopy has a series 
of applications which may be broadly called "analytical". But they 
include sornetlnng more than the (practically important) detection and 
estimation in mixtures of substances whose spectra are known because 
they can be determined by the use of pure compounds. It is possible to 
detect special groups or types of combination, for example, the associated 
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hydroxyl group — the so-cailed hydrogen bond — as was illustrated in some 
of the work of the late Sir John Fox. Again, a valuable method is pro- 
vided by vibrational spectroscopy for the study of ionisation, as of nitric 
and perchloric acid in the recent work of Redlich ; furthermore, evidence 
has been provided of the presence in quantity in certain solutions of ions 
which chemists have, on the whole, been slow to recognise, for example, 
the nitrosyi ion, NO'h For the detection and estimation of isotopic isomers, 
as is necessary in the study of many reactions involving deuterium, vibra- 
tional spectroscopy provides the only means at our disposal. 

Hitherto, Raman spectroscopy has contributed more than has absorp- 
tion spectrometry in the infra-red to our Imowledge of molecular vibration 
frequencies. The difEerence is, of course, mainly due to the greater 
technical facility of Raman work. With the new technical developments 
that Dr. Sutherland and Dr. Thompson have described it seems likely that 
the balance of facility may now lie in the other direction. 

With regard to the application of infra-red spectrometry, the pro- 
gramme includes, as you will have noticed, a representative selection of 
studies, some dealing with simple molecules, such as ozone, one with a 
macromolecular crystal, the diamond, and several with the difficult prob- 
lems presented by non-crystalline, usually inhomogeneous, macro mole- 
cules, both natural and artificial. 

The consideration of all this interesting material, on technique and on 
application, is our main work to-day. I speak for all present when I 
express our gratitude to the schools of spectroscopy at Cambridge and at 
Oxford for the excellent co-operative effort which has made this meeting 
possible. 
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Spectrometers. 


In the period immediately following the last war, very marked develop- 
ments took place in the technique of infra-red spectroscopy. In 1919 
Imes and Randall ^ resolved for the first time the rotational fine structure 
of the fundamental absorption bands of all the hydrogen halides. This 
was accomplished by using an '' echelette grating of the type invented 
by Wood 2 which concentrates the diffracted radiation largely into one 
order of the spectrum. Furthermore, this rotational fine structure could 
be interpreted on the basis of the then developing quantum theory to 
yield a value for the moment of inertia of the molecule and hence for the 
hydrogen-halide internuclear distance. Two new tools were thus avail- 
able in the infra-red: (i) echelette grating.s, which increased the 
resolving power by a factor of the order of 10, revealing rotational fine 
structure hitherto practically unobservable ; {2) quantum theory, wdiich 
enabled one to interpret this rotational fine structure in terms of energy 
levels. These levels could in turn be expressed as functions of the moments 
of inertia of the molecule leading ultimately to the determination of inter- 
nuclear distances. The result was a concentration of effort in the experi- 
mental field on achieving the highest resolving power and by 1939 the 
infra-red could be covered from the visible to beyond 150JH with a resolving 
power sufficient to separate comfortably lines differing in frequency by 
about o‘5 cm.-i. The extent of this advance can be gauged when we 
recall that the separation of the HI lines first resolved in 1919 was 12*5 
cm.-h It should be added that this advance in technique was not entirely 
due to the use of echelette gratings ; improved thermocouples and optical 
systems were developed, especially by Pfund,^ while the extension of the 
new technique to the extremely difficult long wave region beyond 30/^ 
is largely due to Randall * and his co-workers. 

Since the natural width of a spectral line in the infra-red (except at 
low temperatures) is probably of the order of a few tenths of a wave number 
(cm.-^) it is clear that the practical limit of resolving power for rotational 
fine structure is now being approached. Moreover, the number of mole- 
cules which have moments of inertia sufficiently small and a degree of 
symmetry sufaciently great, to possess a rotational fine .structure with 
separations greater than O’S cm.~i is very limited. By 1939 the majority 
of these had been investigated and it was becoming clear that the field of 
research opened by high resolving power after the last war was getting 
somewhat limited in scope. If infra-red spectro.scopy was to continue 
to be a useful tool in the investigation of molecular structure, some means 
would have to be found of tackling the larger molecules. This meant at 
least a temporary return to the older empirical method of Coblentz ^ in 


limes, Astfophysic. 1919, 50, 251. Randall and Imes, Physic. Rev., 1920, 
15, 152. 

® Wood, Phil. Mag., igio, 20, 770. 

® Pfund, /. Soc. Amer., 1927, 14, 337, and Rev. Sci. Insty., 1937, 8, 417. 
* Randall, Rev. Mod. Physics, 1938, 10, 72. 

« Coblentz, Investigation Infra-Red Spectra, Publications of Carnegie Inst 
of Washington, 1905 and 1906, 
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which the spectra of large numbers of molecules of similar structure are 
correlated. One is thus able to pick out . frequencies characteristic of 
certain groupings and eventually to identify these groupings in complex 
molecules of unknown structure. In other words, high resolving power 
becomes temporarily of much less importance than speed of recording. The 
spectra of 20 compounds of a related structural character, taken with 
moderate resolving power, are much more valuable than the spectra of 
one or two of them taken with the highest resolving power over the same 
region of the spectrum. 

Accordingly much attention is now being given to the rapid recording 
of infra-red spectra and it is this particular aspect of infra-red technique 
which will be discussed most fully in what follows. Quite apart from the 
use of infra-red spectra to advance knowledge of molecular structure, it 
has a rapidly growing field of application as a straight analytical tool. 
The infra-red spectrum of a chemical compound is probably the most char- 
acteristic physical property of that compound. It is in general far superior 
to properties such as refractive index or boiling point as a means of identi- 
fying a compound, particularly when it occurs in a mixture with two or 
three others. Although refractions, for instance, may be more accurate 
at present on the quantitative side, preliminary qualitative identification 
by infra-red spectra is essential. If, therefore, the technique of infra-red 
spectroscopy can be improved so that a spectrum can be obtained in a 
time comparable with that required for a measurement of refraction or 
boiling point the chemist will have a new analytical tool of great power. 

In what follows we shall not specifically consider grating spectrometers 
although of course many of the accelerating devices can equally well be 
employed to speed up the recording of grating spectra over the range of 
each grating. The echelette effect limits the range of each grating so much' 
that the automatic recording of an infra-red spectrum from 2 to 15//, with 
gratings, will always remain a difficult problem. Again, grating work is 
seldom worth while unless one has the compound in the gaseous state, 
since the true width of the majority of infra-red bands of liquids and solids 
below 30^ is usually well within the I'esolving power of the appropriate 
prism. It might be added, however, that Wood ® has continued to improve 
his technique for echelette gratings with 7200 lines to the inch (suitable 
for the region of the spectrum) so much that over 90 % of the incident 
energy can now be concentrated into one spectral order. 

Prism Materials. 

Rock salt still remains the most useful dispersive material in the infra- 
red out to 15^,. Only in the region between 2*5 and 6/x is one likely to find 
it seriously defective in resolving power. For this region lithium fluoride 
has recently been introduced with excellent results, although it is inferior 
in resolving power to quartz in the region in which the latter is used (visible 

3 ’ 5 a^)' The absorption band of quartz at 2‘9;u. is a great nuisance, 
especially in quantitative work. Between 3*5 and 6 fi lithium fluoride has 
twice the dispersive power of fluorite but beyond that point the trans- 
mission of lithium fluoride falls rapidly to zero, whereas fluorite can be 
used out to 9^. In view of the fact that artificial crystals of lithium 
fluoride sufficiently large for prisms are now being made commercially 
in the U.S.A. ® while fluorite and quartz are becoming increasingly dif- 
ficult to obtain, this material is likely to become the most useful supple- 
ment to rock salt for the short wave end of the infra-red. 

Beyond i^jx sylvine (to 21/1) and potassium bromide (to still 

remain the onl})^ suitable materials. It is worth noting that large artificial 
crystals of the latter are also being made commerciaUjr in the U.S.A.® 

® R. W. Wood, Private Communication. 

’ Wright, Pev. Sci. Tnstr., 1944, 15, 22. 

® The Harshaw Chemical Co., Cleveland, Ohio, U.S.A. 
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Optical Systems. 

There are no particular advances to report in this field. The Littrow 
arrangement is usually favoured in that it effectively doubles the base of 
the prism and so gives the maximum resolving power.® It is desirable 
to bring the beam of radiation to a focus on the specimen under examina- 
tion before concentrating it on the entrance slit of the spectrometer since 
this minimises (i) the area of specimen required, (2) the size of the windows 
when a long absorption cell has to be used for gases and {3) the losses due 
to scattering in the case of solid films. 

No infra-red spectrometer gives a pure spectrum and the exact causes 
of this have still to be fully examined. This impurity is not usually im- 
portant in prism spectrometers at wavelengths below 5 ft but at longer 
wavelengths there is always an appreciable amount of short-wave radiation 
mixed with the long wave which is being determined. The former may 
arise from multiple refections, from heating of the slits, from scattering 
or other causes and in practice is impossible to eliminate. The effects 
of this spurious radiation can be nullified, however, by using a shutter, 
to admit the infra-red radiation to the system, consisting of a material 
transparent to the short wave radiation but opaque to the long wave. 
Thus the short wave radiation falls on the thermocouple all the time and 
so produces no defection when the shutter is '‘opened". Suitable 
materials for such shutters are : — 

Glass or quartz — opaque beyond 5/i 
Fluorite-Opaque beyond 10 fjt, 

Rock salt— opaque beyond lyfi 

When the highest accuracy is required it may be necessary to compensate 
for the small amount of short wave radiation reflected by the shutter by 
introducing a shutter transparent to the long wave radiation {e.g. of KBr) 
when the opaque shutter is removed. Since most of the spurious radi- 
ation is usually of very short wavelength (presumably arising from the 
maximum energy of the Nei'nst filament near 2jLt) its effects can also be 
diminished by difierential scattering. For this purpose films of MgO on 
rock salt “ have been tried with varying success. 

Calibration. 

The accurate determination of wavelengths in the infra-red is still a 
matter for investigation. In rapid prism work, although the highest 
accuracy is not essential, it has been difficult to determine frequencies to 
better than ± 10 without great trouble because of the lack of 

secondary standards. These are now becoming available. The fre- 
quencies of some 150 lines, between 5 and i^ixin the spectra of gaseous 
ammonia, carbon dioxide and water have been determined by Oetjen, 
Kao and Randall using (i) a rock salt prism spectrometer of high re- 
solving power and (2) a grating spectrometer with slit widths adjusted to 
give the same resolving power as the prism spectrometer. In this way 
highly accurate standard wavelengths can be obtained for the calibration of 
prism spectrometers giving frequencies to i 2 cm.-i or better. The lines 
in the atmospheric water vapour spectrum between 5 and Sfj. and the 
CO2 bands near 14^4 give particularly useful calibration check points many 
of which are superimposed on every run in which atmospheric absorptions 
have not been eliminated. 

* For a description of the optical system of a typical modern prism spectro- 
meter see Infra-Red Spectroscopy,’* by Barnes and others. Reinhold, 1944. 

^0 Pfiind, /, Opt, Soc, Amer,, 1934, 24, 143. 

“ Oetjen, Kao and Randall, Rev. Sci. Inst., 1942, 13, 515, 
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Detection and Recording. 

It is here that the main improvements in technique have been made. 
Automatic recording has virtually displaced the old manual plotting of 
a spectrum point by point. In principle this merely involves continuous 
photographic recording of the galvanometer deflection on a rotating drum, 
the motion of which is related to the rotation of the prism in traversing 
the spectrum ; in practice it means that the thermocouple must be fast 
in response as well as sensitive and the whole system sufficiently free from 
drift and unsteadiness (arising from thermal electrical or mechanical 
disturbances in the neighbourhood) to enable one to utilise the full optical 
resolving power of the spectrometer. Automatic recording is not by any 
means new but until recently considerable sacrifice in resolving power 
was necessary in order to achieve stability, since wide slits had to be used 
to maintain the signal to noise ratio at a workable value. 

The principal advance here has come from the introduction of the new 
Hilger-Schwarz permanently evacuated thermocouple which has a re- 
sponse time considerably less than. one second, coupled with very good 



sensitivity. The output from this is fed to a moving coil galvanometer of 
2 sec. period and of moderate sensitivity but with a strained suspension 
to reduce susceptibility to mechanical disturbances. The deflections of 
this galvanometer are made to actuate some form of photoelectric relay 
which in turn feeds the secondary galvanometer. Formerly it was 
customary to use a very sensitive and therefore long period galvanometer 
as primary or even alone without amplification. There is a considerable 
gain in speed and stability by using a fast, relatively insensitive primary 
and amplifying its deflections. 

The record obtained from such a single beam instrument is, of course, 
not a true absorption spectrum ; it is merely a spectral record of the 
energy transmitted by the substance under examination. Since the 
radiation emitted by the source has approximately a '"black-body" 
distribution with wavelength and is partially absorbed by atmospheric 
water vapour and carbon dioxide, the absorption bands in which we are 
interested are superimposed on a highly variable background such avS 
that illustrated in Fig. i. This means that much time has to be spent 

(a) Moss, J. Sci. Instr., 1935, 12, 141, {b) Conn, Lee and vSutherland. 

Proc. Roy. Soc., A, 1940, 176, 484. 
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in converting the modified energy curve into a true spectrum by calculating 
percentage absorption at a very large number of key points along the 
record. Although the labour involved in this can be reduced by devices 
such as those described later in the paper by Willis and Philpptts, the 
time involved is very considerable. In addition there is always some 
doubt whether the incident energy background against which these 
absorption percentages are calculated is really accurately known, since 
it is not recorded simultaneously with the absorption curve, In regions 
of intense atmospheric absorption around 2-8, 4-2 and 5-7-5 this last 
difficulty becomes extremely serious. To overcome these drawbacks 
double beam spectrometers are making their appearance which give a 
direct record of percentage absorption. . These automatically compensate 
for any variations in the incident energy, whether due to Planck dis- 
tribution law, atmospheric absorption or variations in heater current to 
the source. 


Double Beam Spectrometers. 

The first spectrometer of this type was designed by Hardy the basic 
principles of whose method can best be followed by reference to Fig. 2. 
Two equal beams of radiation from the source N (Nernst filament) are 



N«‘SOURCE. B- reflecting- P, a ^ CONCAVE. /^tRRORB. 

A- aperture. C^ABEORPTtON CE.Ll^. - PUANJE /^1 

selected by the mirrors P, Q, which direct the rays respectively on to the 
two plane mirrors, R, S. These are set vertically one above the other 
and approximately at right angles. The result is that the beam NPR 
illuminates the top half of the entrance slit of the spectrometer, while 
NQS illuminates the lower half. The two beams go through the Spectro- 
meter in the normal way and are finally brought to focus on two identical 
matched thermocouples set vertically one above the other. When the 
two beams are properly balanced there will be no clefiection when the tw-o 
thermocouples are connected in opposition at any point in the spectrum. 
Suppose now an absorbing compound is put into the NPR beam while a 
variable aperture A (e.g. iris diaphragm) is introduced into the NQS beam. 
Mechanical arrangements are made so that as the spectrum is traversed, 
the aperture A can be closed and opened to match the absorption due to 
the specimen C in the ’other beam and the position of the aperture recorded 
against prism angle, or wavelength. This gives a true percentage absorp- 
tion spectrum provided the aperture has been properly calibrated. The 
disadvantages of this spectrometer are (1) that it is not fully automatic 
since an observer is required to operate the aperture control and keep 
the beams balanced, (2) that the speed of recording is determined by the 

Hardy and Ryer, JP/iysic, Rev., 1939, 55 > I112. 



G. B. B. M. SUTHERLAND AND H. W. THOMPSON 179 

speed of the mechanical operation of the shutter. Although the former 
can be overcome by photo-mechanical devices/* the latter is inherent in 
the method. 

An alternative type of double beam instrument has been developed 
at the Laboratories of the Standard Oil Co. of New Jersey.^® In tins 
instrument no variable aperture is used but the ratio of the outputs from 
the separate thermocouples of the two beams is continuously recorded as 
the spectrum is traversed. The thermocouple voltages are amplified to 
an order of few millivolts. These are then fed to a recording potentio- 
meter, the amplified thermocouple output on the comparison beam taking 
the place of the e.m.f. on the slide wire while the amplified thermocouple 
output on the absorption beam takes the place of the “ unknown voltage." 
The essentials of the amplifier used have been given by Matheson, McAlister 
and Sweeney while a further discussion of this amplifier has been given 
by Lawson.^’ 

Spectrometers of this type are now being tried out at Oxford and 
Cambridge. The amplifiers were built by Pye Radio ; the recording 
potentiometers were supplied, by the Cambridge Instrument Co., while 
all the rest of the spectrometer was made by Adam Hilger Ltd. Until 
the spectrometers have been in actual operation discussion of the de- 
tailed difficulties encountered is bound to be incomplete and unsatis- 
factory, It may be stated, however, that the amplifier and potentiometer 
have been successfully operated on a single beam instrument using a fixed 
voltage on the slide wire in place of the voltage from a comparison beam. 
The record is obtained as a pen and ink tracing, an advance over the usual 
photographic method in that the spectrum is visible as it is being traced. 

Future Developments. 

If infra-red spectroscopy is to fulfil its present promise as a tool for 
chemical and structural analysis the speed of recording must be still further 
increased and the apparatus made less susceptible to outside disturbances. 
It now takes approximately half an hour to record a spectrum from 2/1 
to i5yA and a special room is required free from thermal, mechanical and 
electrical disturbances. If the present thermocouple could be replaced 
by an A.C- bolometer of equal sensitivity and the spectrometer shutter 
were opened and closed at a fixed frequency it should be possible to elimin- 
ate most of the troubles arising from the above disturbances, since no 
galvanometer would be required, and by careful tuning, the receiver would 
respond only to impulses coming with the; period of the shutter. If in 
addition, the speed of the bolometer could be increased to give a response 
time of the order of i /50 sec. the possibility arises of recording the impulses 
on a cathode ray screen and so obtaining an instantaneous picture of an 
infra-red spectrum. Considerable progress has already been made in 
this direction in the United States.^® 

such as one described by Pompeo and Penther, Rev. Sci. Inst., 1942, 

I3» 218. 

Private communication. 

McAlister, Matheson and Sweeney, Rev. Sci. Instr., 1941, I3, 314. 

Lawson, Electronic Engineering, 1944, 17, 114. 

Baker and Robb, Rev. Sci. Inst., 1943, 14, 356, 359, 362. 
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SOURCES OF RADIATION AND ABSORPTION 

CELLS. 

By H. W. Thompson and D. H. Whiffen. 

Received 'zSth November, 1944. 

The absorption cells normally used for infra-red work have windows 
of rock salt or other alkali halides, which require to be polivshed. Although 
the surfaces need not be as true as those used at shorter wavelengths in 
the ultraviolet, it may be necessary in making a thin cell for use with liquids 
to polish surfaces to a flatness of 10 mm. The deterioration of the sur- 
faces due to atmospheric or contaminant moisture also makes it necessary 
to re-polish frequently. We have found the following pjrocedure useful. 
Plates about in. square and in. to J in. thick are first obtained by 
cleaving a clear block of natural crystal, or by cutting a block of synthetic 
material with a fine saw or wet wire. If necessary the plates are first 
trimmed, and then ground roughly fiat with coarse emery powder, using 
a little water as lubricant. All granules of the coarse emery are then 
removed by washing with alcohol, and the plates ground with fine emery, 
again using a little water as lubricant. After wa.shing with alcohol the 
plate has a smooth opaque surface, and can then be finally polished on 
a pitch pad made as follows A A molten blend containing 90 % Swedish 
pitch with 10 % beeswax is poured into a shallow can, about 8 in. square 
and f in. deep, so that the liquid mixture just fills the can. It i.s allowed 
to cool and when just above softening temperature a wire mesh (about 
25/in.) is pressed upon the surface so as to produce crossed furrows. After ' 
allowing to solidify further, the mesh is removed, and the indented fiat 
surface finally allowed to harden. The surface is then painted with a 
liberal coating of a sludge of rouge and water, or water-alcohol, and the 
flat plates are polished upon this by hand until the rouge and water have 
been rubbed clear. If the preliminary grinding with fine emery has been 
efficient, perfectly clear fiats can be obtained within a few minutes. Once 
a plate has been polished in this way, slight fogging by atmospheric moisture 
can easily be removed by a quick polish on a chamois leather pad moistened 
with rouge and alcohol. 

Two sources of infra-red radiation remain pre-eminent for the region 
i“25ju,. The Nernst filament i.s perhaps most convenient in manipulation, 
and if run from the A.C. mains through a variac ti'ansformer, it can be 
made to operate without additional stabilizers such a.s barettor lamps. 
Its defect is a tendency to burn out at the platinum leads before the 
material of the filament itself has lost its value. Ebens and Nielsen 
have described a method for overcoming this. Another method of 
mounting is to platinize the ends of a straight filament by succCvS.sively 
immersing in platinum chloride solution and heating in a flame, and then 
support the filament between a pair of metal cups. If the platinizing is 
satisfactory, a good electrical contact can be obtained with adequate 
stability, but the method is not always successful. A laboratory method 
for making Nernst glowers has been described by Griffiths.^ 

The other common source is an electrically heated rod of carborundum 
material, available commercially as Globar in several sizes. The rod is 
usually mounted between aluminium cup electrodes held together with 

1 Glazebrook, Dictionary of Applied Physics, Vol. IV, p. 326. 

^Ehers and Nielsen, Rev. Sci. Instr,, 1940, ij, 429. 

^ Griffiths, Phil. Mag., 1925, 59, 263. 
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springs, and is best surrounded by a water cooling jacket, since otherwise 
it leads to undesirable changes in room temperature. At wavelengths 
beyond about the Globar emitter is somewhat superior to the Nernst 
filament as regards intensity of radiation. Its higher power consumption 
is a disadvantage. Smiths has described another source of radiation con- 
sisting of an electrically heated carbon rod in vacuo, and stated to be 
better than the Globar at -wavelengths beyond lo^. 

Absorption cells for gases are usually made by cementing fiat windows 
to the ends of cylindrical glass tubes of any desired length. For liquids, 
cells are made by separating a pair of flats with a washer of thin metal 
foil or other suitable material, leaving small gaps for filling along the 
upper edge. When volatile liquids, solutions in carbon disulphide or 
ill-smelling liquids are being measured, it is desirable to seal off the cell 
after filling. This can be done by means of amalgam seals,® or by inserting 
narrow metal lead-in tubes to the cell through holes drilled into one rock 
salt flat ; the lead-in tubes can then be closed by corks or rubber caps. 
Various types of cell have been described by Fandall,® Barr," Nielsen,® 
Smith, ^ and Smith and Miller. ^ 

Smith, Rev. Sci. Instr., 1943, I3» 63. 

® Gildart and Wright, Rev, Sci. Instr., 1941, 204. 

® Randall, ibid., 1939, 10, 195. 

^Barr, ibid., 1941, I 3 , 396. 

® Ind. Eng. Chem. Anal. Ed,, 1943, 15, 6og. 

^ Smith, Rev. Sci. Instr., 1942, 13, 65, 

Smith and Miller, /. Opt. Soc. Amer., 1944, 34, 130, 


MEASUREMENT OF CELL THICKNESS. 

By G. B. B. M. Sutherland and H. A. Willis. 

Received 2Sth November, 1944. 

The accurate measurement of the thickness of the absorption cell 
used for liquids in the infra-red is now a matter of considerable importance 
in quantitative work. Unless thicknesses of cells used can be measured 
easily and accurately exact extinction coefficients cannot be obtained and 
each worker will require samples of pure materials to calibrate his cells 
for quantitative work. Smith and Miller ^ have recently used the inter- 
ference method (normally employed in the visible region of the spectrum 
with half silvered plates 2) to obtain the thickness of the air film between 
the two plates of the absorption cell. This method has the followdng draw- 
backs : (i) the interference bands are obtained as a weak pattern super- 
imposed on the steep slope of main energy curve (Fig. la), (2) the number 
of fringes obtained decreases very rapidly as the cells become thinner 
so that the accuracy diminishes when cells go below lo/x in thickness,, 
(3) it is slow in that an actual spectral run has to be made and measured 
up to get the required result. 

The first disadvantage may be removed in a double beam spectrometer 
W'here the main energy background of the cell beam can be “ balanced 
out '' by the energy of the comparison beam to give an interference pattern 
on a fiat " instead of a '' sloping background (Fig. i 5 ). The junctions 
of the thermocouples of the separate beams are connected in series in 
opposition and the beams balanced. The cell is then introduced and the 
beams re-balanced by reducing the aperture of the comparison beam to 
allow for the loss of energy in the cell. This last operation requires some 

^ Smith and Miller, J. Opt. Soc, Amer., 1944, 34, 130. 

2 Cf. for examples Searle, Exptl. Optics, p. 343. Cambridge Univ. Press, 1925. 
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skill as the interference fringes are present and the balance must be made 
mid-way between two extremes. When this is accomplished an inter- 
ference pattern similar to that shown in Fig. 1 6 is obtained. Such a pattern 
can be measured with a very high degree of accuracy. The precision is 
illustrated in Fig. ic where the fringe number {n) is plotted against the 

frequency (»/) of successive 
extremes giving an excellent 
straight line. Since 

, A 
2,t == n~ 

2 

where A is the wavelength of 
any extreme value of the 
energy {i.e. complete rein- 
forcement or complete can- 
cellation), t is the thickness 
of the air film and n any 
integer 

4 ^ . 

n = ^ = 4iv. 

A 

Recently we have been 
investigating an alternative 
method of measuring cell 
thickness by interference 
fringes in the visible region 
of the spectrum. The prin- 
ciple of this method ® is to 
set the cell at 45° to the beam 
of white light and pick up the 
light reflected from the two 
faces bounding the air film.. 
Interference then occurs be- 
tween two rays of comparable 
intensity and the bands are 
fairly easily picked up in the 
visible region of any suitable 
spectrometer. The most con- 
venient means of making this 
method rapid and accurate have still to be worked out in detail but the 
disadvantages enumerated above in the transmission method in the infra- 
red have cex'tainly been overcome. Thus when cells less than 0*005 mm. 
in thickness are used there will still be an appreciable number of bands 
in the visible region of the spectrum while the spacing in the infra-red 
will have become so wide that accurate measurement of the maxima and 
minima on the varying background is very difficult. The reflection method 
can of course be used in the ixifra-red for cells of moderate thickness 
but the cell would not be in its normal position, and some arrangement 
would have to be made (as in the use of the visible spectrum) to ensure 
that the same portion of the cell was measured as that used in the ab- 
sorption run, if the thickness of the cell is found to be non-uniform, 

® The suggestion to use a reflection technique was made by Dr. O. F. C. Searle, 
F.R.S., to whom we should like to express our gratitude for his interest in this 
problem. 
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AN ABSORPTION CELL FOR MOLTEN SOLIDS 
AND HEATED LIQUIDS. 

By R. E. Richards and H. W. Thompson. 

Received 2 Sth November, 1944. 

It has recently become necessary to construct an absorption cell which 
can be used for liquids above room temperature. This is important not 
only for studying the change of spectrum with state of aggregation^ — solid 
or liquid — ^but also for measuring the absorption of molten solids which 
are either effectively insoluble in all solvents, or for which the only known 
solvents are unsuitable spectroscopically. A cell of this type which has been 
used successfully between 20-200° C. is shown diagrammatically in Fig. i. 
The cell holders A and B are made of in. plywood. Glued to the holder 
A is the heater H, which is constructed as follows. About 2 metres of 
nichrome wire (30 ohms per metre) are wound on a core made by cutting 
a I in. square from an asbestos 
card 2 in, square. This heating 
element is insulated on both sides 
by asbestos board frames cut to 
a size slightly larger than that of 
the heater core. The whole is 
cemented together with a little 
water glass, which is baked to a 
hard solid. The heater leads are 
connected to the terminals T, and 
the heater fed from the 100 volt 
mains through a suitable rheostat. 

Two thermocouples are made 
by silver-soldering iron and con- 
stantan wires together. These 
are connected in series and the 
twin couple is calibrated by im- 
mersing the pair of hot junctions 
in baths at known temperatures, 
using a milli voltmeter. This 

combination has a. linear relation 
between E.M.F. and temperature 
over a wide range and certainly 
up to 200° C. One of the couples 
is embedded in the cell side of the 
heater and held in place by an annular frame made of thick asbestos 
paper P. The other couple is similarly embedded in the asbestos board 
frame F, which is glued to the frame B. The thermocouple leads are 
taken out through the small holes GG in the cell holders. The cold 
junctions are kept at room temperature at a junction box. 

The cell plates PP, which can be of rock salt, sylvine or potassium 
bromide according to the region being studied, ‘are sandwiched between 
the heater and the asbestos frame F. The thickness of the absorbing 
layer is controlled by the thickness of the washer W used between the 
plates. For very thin films, no washer is necessary, provided that the 
plates are polished to a slightly convex surface. 

For a cell made from plates of equal tloickness, the temperature shown 
by the millivoltmeter when connected to the two thermocouples wired in 
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series is that of the middle of the cell. This can he verified by the deter- 
mination of melting points using the hot cell. With the plates normally 
used this temperature can be recorded to within a few ° C. Measurements 
have been made at 200° C., but in order to avoid cracking the cell plates, 
sudden changes of temperature must be avoided and the plates must not 
be touched with cold or moist surfaces when hot. 

For operating the cell, a small amount of the solid is first melted on to 
the plates, which are then pressed together hot and placed in the mount. 
It is important that the cell should be used with the heater on the side away 
from the spectrometer slit in order to avoid detection of radiation emitted 
by the heater. Solid films can be conveniently formed by allowing the 
liquid to cool while sandwiched between the plates, and this seems to 
prodi3ce solid films with less scattering than those prepared in other ways. 


SOLVENTS FOR USE IN THE INFRA-RED. 

P, Torkington and FT. W. Thompson. 

Received 28th November, 1944. 

In oi'der to measure the infi*a-red absorption spectra of solids or 
highly absorbing liquids it is often desirable, and sometimes essential, 
to use solutions in organic solvents. Although some attempts have been 
made to use it in special cases, water is unsatisfactory as a solvent not 
only because of its extensive infra-red absorption, but also since it would 
attack the plates of alkali halide which normally form the absorption 
cell. Unless there are special interactions between solute and solvent, the 
spectra of the two substances are additive, and to obtain that of the solute, 
allowance must simply be made for absorption by the solvent. While 
in theory this can be done if the spectrum of the appropriate thickness of 
solvent is known, it is not very practicable in most cases where quanti- 
tative accuracy in the optical densities is required in those regions where 
both solute and solvent absorb. The aim should be to use high con- 
centrations of solute and thin layers of solution, so that the bands of the 
former should be as far as possible brought out against those of the thin 
layer of solvent. Even in the most favourable cases however, weak bands 
of the solute may be masked by stronger bands of solvent, and complete 
absorption by the latter in some spectral regions may make it impossible 
to detect absorption bands of the solute at all. The cliihculties are ac- 
centuated if the nature of the problem involved makes it dCvSirable to use 
dilute solutions, since in this case there will be thicker layers of solvent. 

It is therefore desirable to measure the absorption spectrum of the 
solute in a solvent which has no appreciable absorption over the range of 
spectrum studied, and since all solvents have absorption at some wave- 
lengths it follows that in order to map out the complete spectrum of the 
solute several solvents may have to be used, the choice of which will depend 
upon the solubility of the solute in each of them and upon their particular 
regions of transmission. 

Work of this kind made it desirable to have a reference table of the 
spectra of common solvents, from which polar and non-polar solvents could 
be chosen to cover any spectral range. In Fig. x the spectra are shown 
between 3-20/i, of some solvents which are noz'mally available in quantity, 
and which can be satisfactorily purified by distillation or other simple 
means. Other substances have been used with advantage in special 
problems, but these have been omitted since they are less generally avail- 
able. Similarly, commercial xylene has been omitted, not only because 
of the complexity of its spectrum but also since its composition is variable. 
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Also, whilst tetrachloroethylene (CaCli) seems to be a very convenient 
solvent for several regions, it has not been included since different corn-- 
mercial samples have been found to contain impurities which are not easily 
removed. Other substances such as normal hexane or ethyl alcohol have 
been omitted in favour of substances of the same class which have a 
simpler spectrum. 

The spectra of many of the compounds given have been described 
previously in scattered publications, notably those of Coblentz, ^ and 
Barnes, Liddel and Williams.® The spectra given by Coblentz were 



obtained using rather lower resolving power than is now generally avail- 
able, and in some cases impurities seem to have been present. Those 
given by Barnes relate only to the range 5-10/x. The data of Fig.r were 
obtained with an absorption cell about o*i mm. in thickness, and using 
a good spectrometer of the type described above, and they cover the 
range 3-20/A. This cell thickness has been found convenient for much 
quantitative analytical work. When much thicker cells are used the 
bands broaden considerably, and in the region 1600-3000 cm.-^ (8-3 /a) 
feebler bands not shown in the Figure may become appreciable. It 
should also be noted that all the data given in the Figure were obtained 
using a rock salt prism ; using a quartz prism for the region of 3000 cm. 
some of the bands given split into several components. 

The most useful solvents for different regions are listed in Table I. 

^ Coblentz, Carng. Inst. Wash. Public., No, 35, 1905. 

® Ind. Eng. Chem. Anal. Ed., 1943, 15, 659. 
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TABLE I. 


spectral Range. 

Good Solvents. 

Less Satisfactory, but 

cni."^ . 

fi . 

Possible Solvents. 

500-600 

20-167 

Carbon disulphido, cyclo- ^ 
hexane, benzene, carbon 
tetrachloride, chloro- 

form, dioxane, methyl 
formate 

Several, 

600-700 

I 6 - 7 -I 4-3 

Carbon disulphide, cyclo- 
hexane, acetone, carbon 
tetrachloride, acetonit- 
rile 

Methyl formate, anisole, 
pyridine, dioxane. 

700-S00 

l 4 - 3 -i 2'5 

Carbon disulphide, cyclo- 
hexane, dioxane, nitro- 
methane, methyl acetate 

Ethylidene chloride, 

, acetone. 

800-900 

I 2 - 5 -II‘I 

Ethylidene chloride, aceto- 
nitrile 

Carbon disulphide, nitro- 
methane, methyl al- 
cohol, pyridine, methyl 
formate, acetone, 

900-1000 

II-I-IO-O 

Carbon disulphide 

Cyclohexane, carbon tetra- 
chloride, chloroform, 
methanol, acetonitrile, 
methyl formate, methyl 
acetate, acetone. 

lOOO-IIOO 

lo-o- 9 ‘i 

‘ Carbon disulphide, carbon 
tetrachloride, chloroform 

Methyl cyclof)entane, ace- 
tone, methyl formate. 

IIO 0 -I 20 O 

9 - 1 - 8-3 

Carbon disulphide, carbon 
tetrachloride, ethylidene 
chloride, acetonitrile 

Cyclohexane, chloroform, 
acetone. 

1200-1300 

8*3- 77 

Carbon disulphide, aceto- 
nitrile 

Methyl cyclopentane, 
carbon tetrachloride, 
chloroform, pyridine. 

1300-1400 

77- 7-1 

Carbon disulphide, carbon 
tetrachloride, chloroform, 
pyridine 

Ethylene dichloride. 

1400-1500 

7*1- 6-6 

Carbon tetrachloride 

Chloroform. 

1500-1600 

• 6*6- 6-2 

Cyclohexane, methyl cyclo- 
pentane, benzene, chloro- 
form, dioxane, acetonit- 
rile, methyl acetate, ace- 
tone 

Methanol, methyl formate. 

1600-2000 

6-2- 5*0 

Carbon disulphide, cyclo- 
hexane, carbon tetra- 
chloride, chloroform, 

, acetonitrile 

Nitromethane, methane 1, 
pyridine. 

2000-2400 

5 ' 0 - 4-1 

Cyclohexane, methyl cyclo- 
pentane, benzene, car- 
bon tetrachloride, chloro- 
form, nitromethane, 

ethylidine chloride, pyri- 
dine 

' Acetone, anisole, methanol 

24OO-2S0O 

4 - 1 - 3-6 

Carbon disulphide, benzene, 
carbon tetrachloride, 
chloroform, ethylene 

dichloride, acetonitrile, 
pyridine, methyl form- , 

Acetone, anisole. 

2800-3200 

3 - 6 - 3-1 

Carbon disulphide, carbon 
tetrachloride 

Benzene, chloroform. 



TWO TIME-SAVING DEVICES IN THE CONVER- 
SION OF ENERGY RECORDS INTO PERCENT- 
AGE ABSORPTION CURVES. 


By H. a. Willis and A. R. Philpotts. 

Received 2Sih November, 1944. 

Any of the older types of hand operated spectrometers can very rapidly 
be made automatic hy arranging to drive the prism at a constant angular 
rate and using an independent recording camera for the galvanometer 
deflections. The two devices described were constructed so that frequency 
and percentage absorption might be read off directly from the records 
obtained with such a converted spectrometer. 


(1) A Frequency Calibrator for Spectrometers with Prisms 
Rotated at Constant Speed. 

In order to relate the recorded bands to the prism position, signals 
are made at equal increments of prism angle on the record. The cali- 
brator gives the frequency of any band by reference to these signals (see 
Fig. la). Having' determined the relation between prism angle and 
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frequency it is found necessary to measure 
angles from an angular position of the 
prism corresponding to a I'eproducible 
frequency of radiation on the exit slit. 
Otherwise when the temperature of the 
prism changes, the resulting change in deviation will cause a shift of the 
calibration curve along any " absolute angle scale. In practice the 
" absolute position of a particular absorption band was found to vary 
but the angular separation of two particular bands remained constant. 
Very small rotations of the prism relative to its divided circle (such as may 
arise in interchanging prisms) give the same effect. The reproducible 
frequency chosen as the zero "" of our scale was the point of maximum 
transmission in the 6-2^ water vapour band since this is found in the 
atmospheric absorption which is superimposed on single beam records. 

The calibrator consists of an angle scale equal to that on the record 
with the corresponding frequency scale (Fig. i&) alongside. These are 
mounted on a transparency and arranged so that they can slide past each 
other. If every record contains the 6*2/^ water band the correct relative 
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position of the scales can be adjusted for each one and the frequencies read 
0& directly when the angle scale of the calibrator is laid over the angle 
scale signals on the record. 

Since the prism and recording paper have separate drives and motors 
which can have mechanical imperfections, it may be found that the distance 
along the paper is not linear with prism angle. The error caused by this 
eifect can be reduced by assuming linearity between adjacent signals 
only. The calibrator can then be made with the distance between angle 
graduations slightly larger than the largest distance between signals 
observed. The instrument is used tilted so that the distance representing 
an increment of angle on the scale hts between the signals bounding the 

corresponding increment on the 
record. The frequency can be 
read off on the projected scale 
(Fig. i^:). 

The stock of the slide rule 
was made of two i-in. strips 
of Perspex bolted to metal 
cross-pieces with a third strip 
sliding between, both edges of 
the slider beng utilised. The 
slider was provided with two 
screw clamps to prevent slipping 
after the " zero " has been set. 
The construction is shown in 
Ing. II. To obtain accurate 
scales large drawings were made, 
photogx'aphed and printed on 
to lilm at the correct enlargement. The him scales were cemented under- 
neath the slide rule. 

This type of instrument has also been found useful with a spectro- 
meter having an approximate wavelength drum, the calibration and signals 
being made with reference to drum readings. 

(2) A Direct Reading Percentage Absorption Scale for Energy 

Records. 

The single beam recording spectrometer gives a trace showing the 
aiUQunt of energy transmitted by the absorbing medium. On this are 
drawn the zero line connecting points of zero transmission at each end of 
the range and the curve showing the “background" of energy available 
when there is no absorption. At any freciuency a line is drawn at right 
angles to the direction of travel of the paper. If this cuts the zero line 
af Z, the energy trace at E and the background curve at B, the problem 
is to measure the ratio BE/BZ directly (see Fig, III^i:). 

The network shown in Fig, lllb is used. It is obvious that any line 
parallel^ to PQ with its ends in OP and OQ is cut into ten equal parts by 
the obliques. The diagram mounted on a transparency is moved along 
the record until with ZB parallel to PQ, Z lies on OP and B on OQ. The 
percentage absorption can now be read off using the obliques ^as the 
10 % values (Fig. IIIc). 

When the background is steep the maximum absorption of a band 
comes at an appreciable distance from the point where the energy curve 
is nearest the zero line. By moving the scale along the record the ab- 
sorption maximum can be quickly found ; the true frequency of the band 
corresponds to the position of this point. 

Two methods of construction have been used. The network was drawn, 
photographed and printed out on a half-plate. This was bound to a clear 
halfrplate to protect the emulsion. By using a reduction in size a more 
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accurate diagram is obtained. A large instrument was made by scribing 
the lines on a sheet of Perspex and filling them with black paint. 

FIGURE m PERCENTAGE ABSORPTION SCALE 





(a) (b) (C) 

We wish to acknowledge valuable assistance from Messrs, E. E. Webb 
and R. E, Stonebridge in the construction of these instruments. 

The Physical Chemistry Laboratories, 

Oxford and Cambridge. 

GENERAL DISCUSSION. 

Dr. W, C. Price [BilUngham) said : I should like to add two additional 
methods of measuring cell thickness and a short description of a wedge 
cell which enables a continuous range of thicknesses to be used. 

If a thin cover glass is placed in front of half of the objective of the 
telescope of a prism spectrometer so as to divide the field along a line 
parallel to the prism edge, then when the spectrometer is illuminated with 
white light it can be observed that a number of regularly spaced dark 
bands cross the continuous spectrum. The bands are known as' Talbot's 
bands, and are only produced if the glass has been introduced from the 
red side. The number of bands between any two wavelengths is given by 
(fii — I — I Ml- If rock salt cell is half filled with benzene and 

suitably placed in front of the objective of the spectrometer so that the 
film of benzene takes the place of the cover glass then dark bands are 
similarly obtained. If n is the number of dark bands occurring between 
the C and F hydrogen lines, then the thickness of the cell in microns is 
n/O’^oj. The spectrometer has, of course, to be turned so that the prism 
edge is horizontal in order to obtain the bands with benzene. 

The following method can be used for cells, the faces df which are 
not in the best optical condition. The cell is placed in series with a vari- 
able thickness quartz cell in front of the slit of a quartz spectrograph 
illuminated with a steady source of ultra-violet light preferably a hydrogen 
lamp. First the rock salt cell is filled with a lo % solution of benzene in 
a U.Vi transparent solvent such as hexane or ethanol and the solvent is 
placed in the Q cell. A set of five or ten exposures is then taken. The 
R.S. cell is then filled with solvent and the Q cell with a i % benzene 
solution and a set of exposures taken in between the first set, the thick- 
ness of the Q cell now being varied until the absorption obtained matches 
the fii'st set. The thickness of the R.S. cell is one-tenth the matching 
thickness of the Q cell. A similar method can be used with infra-red 



GENERAL DISCUSSION 


190 

instead of ultra-violet absorption, but to obtain accurate results it is 
essential that both cells should be kept in the beam and that theie should 
be no association between solute and solvent. 

We have used wedge cells made from plates of quartz or rock salt as 
variable thickness cells. These are placed directly in front of the slit and 
moved transversely across the beam. The small prism effect introduced 
does not produce a measurable displacement of a band, and so does not 
upset the calibration. The two plates are in contact at one end and cite 
separated at the other by a spacing foil. The thickness scale is linear 
across the cell and can be easily standardised by an accurately known 
feeler gauge. Only small quantities of liquid are required and the cells 
are easily cleaned. 

The President enquired how great an error would be introduced in 
these methods of cell measurement if the end plates were not parallel or 
again if either or both plates had plane surfaces but were not of uniform 
thickness. In some measurements Mr. Kemball had been carrying out on 
the surface tension of mercury by the method of the sessile drop it had 
been found that very large errors were introduced when a wedge shaped 
but smooth plate was used. 

Dr. Sutherland (Cambridge) said : The interference method depends on 
the inside surfaces of the cell being plane and parallel where the light beam 
traverses them. Lack of parallelism of the inner faces would cause the 
bands to disappear but lack- of parallelism of the outer faces to the inner 
faces or to one another is' of ho consequence. 

Professor C. K. Ingold (London) recalled that an attempt to develop 
infra-red techniqhe on somewhat different lines had been initiated by 
Czerny and Mollet and interrupted by the war. Dr. Pol Mollet had been 
working on the subject at University College in 1939. In this method, 
the infra-red spectrum is received on a special screen, on which it can be 
photographed. The method thus brings the advantages of the photo- 
graphic method into the infra-red region of fundamental vibi^ation fre- 
quencies. The special screen consists of a sheet of celluloid, a few tenths 
of a micron thick, with a similarly thin coating, on the one side, of lamp 
black, and, on the other, of paraffin oil, deposited by condensation from the 
vapour. Each infra-red image of the slit produces a change of thickness 
of the oil film by partial local evaporation, and, when the screen is simul- 
taneously illuminated, by white light, the whole infra-red spectrum stands 
out as a coloured interference pattern, which can be photographed. So 
far, the method has been developed to cover the spectrum out to about 
lo/x, and within this raiage good photographs, sharp and rich in detail, 
have been obtained. 

Dr. Sutherland (Cambridge) said : I should like to add that the 
double beam spectrometer at Cambridge ha.s now been in operation and 
satisfactory records have been obtaiiaed in which atmospheric absorptions 
have been completely eliminated. The measurement of percentage 
absorption, however, is not yet entirely satisfactory. 

In this connection I wish to ackno-w ledge the contributions made by 
Mr. P. B. Fellgett in overcoming many of the practical difficulties en- 
countered in getting a new piece of apparatus to function in the designed 
manner. 

It should also be added that Messrs. Adam Hilger are now in a position 
to supply the complete spectrometer. 

Dr. Thompson (Oxford) said : The technique which Professor Ingold 
has mentioned was, I believe, developed by Czerny, and is very interesting. 
Further work on these lines might be valuable, but I am inclined to think 
that the development of bolometers for detector systems may be more 
profitable. Another useful line of work may be the development of 
infra-red filters. 

Dr, A. E. Martin (London) said that in his experience a very simple 
method for determining cell thickness was to weigh the cell empty and 
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then again filled with liquid, deducing the thickness from the weight of 
liquid,' the density and area of liquid film being known. Usually the cell 
was constructed of two fluorite plates, i inch diameter and o*i inch thick, 
spaced with a suitable washer of metal foil extending to the full diameter 
of the plates. Such a ceil, weighing less than 10 g., would, of course, be 
held in a brass mount when used in the spectrometer. This method is 
useful for films of thickness o-ooi to o*i mm. 0*3 to 30 mg.) or so.^ 
Layers rather thicker than o-i mm. are more conveniently measured with 
the help of a mici'ometer. 

Mr. F. I. G. Rawlins [London) [commmiicated) : As perhaps something 
of a veteran in the infra-red, I should like to offer a few brief comments of 
a general character. The historic figure of 12*5 cm.“^ for the separation 
of the HI lines had been reduced to 3*35 cm.-^ (average) at Cambridge in 
1928 for NO. We used a species of tandem system— prisin plus reflection 
grating — and the slow rate of progress in mapping a (gas) spectrum entirely 
by hand-setting was past belief as judged by the standards before the 
present meeting. Nevertheless, we achieved what in those days was our 
purpose, namely the establishment of a reasonable molecular model for the 
substance in question. Fundamentally infra-red work was more' strictly 
physical then than how, the recent developments towards chemical analysis 
resting essentially upon prior knowledge of the appropriate dynamics. 
Obviously, these modern analytical applications are exceedingly valuable, 
and illustrate the trend of any branch of natural science to become in some 
degree a tool once the ferocity of its embryo technique has been sufficiently 
tamed. Of the infra-red this is especially true. Associated with this 
progress in methods of recording has gone the elimination of the erratic 
readings of intensity. so baffling in early days. 

During those early years, in the laboratory at Marburg-Lahn, where so 
much pioneer work was done, the voice of Professor Schaefer could often 
be heard saying Lesen Sie schnell ; and so we did, to the best of our 
ability. ' But all too seldom were our intensities reasonably reproducible, 
due to the manifold disturbances mentioned by present contributors. A 
year or so later, however, there was real improvement, due to thermopile 
construction and shielding. As for the present time of about half an hour 
to plot a spectrum from 2 /x to i5ja, one can only speak of the progress 
implied as almost fabulous. Concerning instrumentation, the good points 
of the Littrow principle were appreciated fairly early, and I set up a 
modified form of it in 1925-26, combined with concentration of the beam 
upon a minute crystal area. Recording was with a radiomicrometer from 
which the polished cone had been removed. The sharpness of response of 
the whole system was remarkable. Schaefer had not long before been 
experimenting with polarized infra-red radiation using selenium mirrors in 
his efforts to disentangle crystal frequencies by reflection. Unfortunately, 
somewhat large errors occurred, due to the rather primitive angular setting 
device employed. Enhanced success with crystal technique rendered it 
needless at the time to study reflection spectra further. 

Dr. Sutherland [Cambridge] said : In reply to Dr, Martin, we have also 
used the method of weighing when the highest accuracy was not required. 
It is, however, slow compared to the interference method now proposed, 
and gives an average value for the thickness, whereas the interference 
method employing a small aperture can be used to study in detail that 
part of the cell through which the radiation is passing. Defects are apt to 
occur in a cell after it has been used for some time and an optical method 
of examination has distinct advantages. 

I should like to assure Mr. Rawlins that infra-red spectrometers can 
still at times be very erratic, yes, even baffling, in spite of all the recent 
improvements. At least there was no cyclotron to contend with in 
Cambridge in the old days. 

^ See Fox and Martin, Proc. Roy. Soc. A, 1940, 174, 238. 
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The sensitivity of the radiation detector used in the spectrometer limits 
the practical resolution obtainable in the infra-red region of the spectrum. 
Any means of improving and controlling the sensitivity of the detector has 
an immediate and direct bearing on the accuracy and ease with which 
measurements may be made. The two principal instruments available are 
the bolometer and the thermocouple, of which the latter has hitherto been 
most commonly used. Both instruments in their present form are ex- 
tremely inefficient, for example, the best radiation thermocouples have an 
efficiency of about 10 %. The purpose of the present paper is not to 
discuss the general problem of radiation detection, which receives attention 
elsewhere, but to show how the sensitivity of thermocouples may be con- 
trolled and appreciably improved by adapting the principle of the bolometer. 
Experimental results are given, providing orders of magnitude which will 
be con^^enieiit in applying the technique to thermocouples already in use. 

The bolometer uses the change in resistance of a metal strip which 
follows from the rise in temperature on irradiation. If a thermocouple be 
placed in one arm of a balanced Wheatstone bridge, irradiation leads not 
only to a thermoelectric e.m.f. but to a change in the resistance of the 
thermoelectric wires. The resultant galvanometer deflection is due to two 
effects which may be briefly designated thermoelectric and bolometric 
respectively. The temperature of the junction prior to iiTadiation is 
controlled by the current flowing in two ways. Due to the Seebeck- 
Peltier effect at the junction, there may be a rise above or a fall below room 
temperature. This follows since the power consumed at the junction 
changes sign when the supply current is reversed. The joule heating of 
the thermoelectric wires and at the junction itself leads to a rise in tem- 
perature. Changes in temperature of the junction due to irradiation may 
thus increase or decrease the thermoelectric e.m.f. according to the direction 
of the current. Whatever the direction of the current, irradiation leads to 
an increase in the effective bolometer resistance. The bolometric contri- 
bution to the subsequent deflection of the bridge galvanometer can be 
varied by varying the supj)ly current. The effects are much enhanced by 
working in vacuo and are easily demonstrated by observing the change in 
resistance of a thermo -junction at low currents when the supj)ly current is 
reversed. 

In the arrangement described above, variation of sensitivity is obtained 
by varying the supply current. Because of the joule heating effect of the 
current, the resistance will alter accordingly. It is not only convenient 
to work with a galvanometer through which no current passes pi'ior to 
irradiation, but if the galvanometer deflection is to be amplified by photo- 
electric means such a condition is essential. This can readily be achieved 
by suitably altering the balance arm of the Wheatstone bridge. As 
illustration, Fig. I shows the manner in which galvanometer deflection 
varied with supply current to the bridge for a platinum wire in vacuo, 

193 



G. K. T. CONN 


m 


(This wire was of 6’5 ju. diameter and 4-5 cm. long.) The various curves were 
obtained for the different values of the balancing resistance given. The 
remaining bridge resistances were each 100 JQ. By varying this balancing 
resistance the galvanometer can be set at zero for any value of the supply 
current. A smooth control of this resistance is readily obtained by putting 
a high variable resistance in parallel with it. The maximum current 
through the galvanometer may obviously be considerable and it is ad- 
visable first to find the approximate value of the resistance with an in- 
sensitive instrument. 

Experiments have been made with a number of commonly used thermo- 
junctions such as Iron /Constant an, Chromel/Alumel, Chromel/Constaiitan, 
Hutchins’ Alloys, and junctions of which one element is Bismuth and the 
second an alloy of Bi (95 %) — Sn(5 %), As is to be expected, the relative 
importance of the effects 
considered depends on the 
component wires. Constan- 
tan, for example, has a low 
temperature coefficient of 
resistance vrhich is reflected 
in the sensitivity obtained. 

Thinner wires, which have 
a higher resistance, show a 
greater bolometric effect than 
those of a heavier gauge. The 
rise in temperature of the 
junction due to the current 
may affect the construction 
of a thermocouple intended 
to be used at room tempera- 
ture, For instance, the re- 
■ ceiver is often attached to 
the junction by black wax 
which softens about 50*^ C., 
or by, a low melting point 
solder such as Wood’s metal, 
which melts at about 60° C. 

Such factors must be borne 
in mind if the suggested 
arrangement is applied to 
junctions already in operation 
and are illustrated by the experiments. The aim has not been to obtain, 
the highest sensitivity possible, but to consider what improvements are 
practicable with existing detectors. 

The thermocouples were mounted in a glass envelope and illuminated 
by an electric lamp bulb placed at a suitable distance. All measurements 
were made at a pressure of 10-*^ mm. Hg. or better. The distance of the 
lamp was adjusted until a convenient deflection of 5 to 10 cm. was obtained 
on the Moll recording galvanometer with no current flowing. The de- 
flection was then determined for various values of the supply current. 
Positive values of the current are those for which the thermoelectric and 
bolometric effects are additive. Each deflection was verified for at least 
two values of the balancing resistance and thus two positions of the galvano- 
meter zero, of which one was the position of balance. The changes in. the 
balancing resistance were a small fraction of the total. 

The deflection due to irradiation for a given current through the thermo- 
couple was divided by the deflection .obtained with zero supply current. 
This ratio, G is shown in Fig. II plotted against the current, i, flowing through 
the junction. Thus the benefit in any particular case is clearly given as a 
function of supply current. 
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In Fig. 11 a are presented the results obtained with three different 
junctions. The curve labelled (a) was obtained with wires of Chromel and 
Alumel about 15/x in diameter. The receiver, of platinum foil about i*3|Lt 
thick coated with camphor black, was attached by black wax. The re- 
sistance was 94 ohms. At the point marked by the arrow the receiver 
moved slightly due to softening of the wax ; this was indicated by a drop 

in the deflection for 
zero current. Thus, 
between room tem- 
perature and the 
softening point of 
the wax, improve- 
ment by a factor of 
four * is obtained. 
Reversal of the 
current leads to zero 
deflection where the 
two effects cancel at 
— 0*65 M.A. Curve 
(/?) was obtained with 
a similar junction of 
resistance 75 .Q. The 
lower resistance is 
reflected in the lower 
boloinetric effect. 
Curve (c) was ob- 
tained with a junc- 
tion of Chromel and 
Constantan and illus- 
trates the . effect of having one wire of low temperature co-efficient of 
resistance. The Chromel wire was about the same length as in [a) but 
the Constantan wire available, of 48 S.W.G., was very much longer so 
that the resistances of the two were approximately matched. The resist- 
ance of the whole junction was 108 Q and offers appropriate comparison 
with (a). The slope is clearly very much lower. 




THERMOCOUPLE CURRENT IN M.A. 


i 1 , 1 i j I 1 t — __i 1 .. 

O 2 4 6 a lO 12 14 16 

Fig. Ilb shows a curve obtained with a junction made of Hutchins' 
alloys, which are commonly used in radiation detection. One metal was 
composed of Bi 97 % — Sb 3 %, while the other was of Bi 95 % — Sn 5 % ; 

It may be mentioned that a factor of seven has been obtained by working at 
higher temperatures. 
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all proportions are by weight. These were drawn down by the Taylor 
process in soda glass which was then etched oiJ with hydrofluoric acid. 
The wires, about 5 mm. long were soldered by radiation with a tiny piece 
of Wood’s metal and had a resistance of about 13*8^2. The receiver, of 
gold foil about 0*5/1 thick, was coated with evaporated zinc black and 
attached to the junction by the Wood’s metal solder. It will be seen that 
a factor G of about 4 was obtained. Readings were discontinued because 
this thermocouple was constructed for another purpose and the risk of 
burning it out had to be avoided. \Vhen junctions containing bismuth or 
bismuth alloys are used, unsteadiness of the galvanometer follows if the 
output be pushed to extreme. In these, there is not only the well known 
change of electrical resistance in a magnetic fleld but there is also a change 
in the thermoelectric power on application of a magnetic field, ^ 

The improvement of sensitivity obtained by combining the principle 
of the bolometer is clearly appreciable and is readily achieved. Moreover, 
since unsteadiness of the thermocouple system often proves troublesome it 
is clear that by the same means the system may on occasion be desensitised 
with consequent increase in stability. In the case of the Chromel/Alumel 
junction (a) an improvement in the sensitivity by a factor of 4 is re- 
ported. Of this output three parts are clearly due to a bolometric eflect 
and one part to thermoelectric. The indication, significant of advantages 
inherent in bolometer systems, is confirmed by work on bolometers which 
is presented elsewhere. 

In conclusion, there are several points to which attention should be 
drawn. In certain cases the full gain indicated above may not be realised. 
If a second junction be used to compensate for variations in room tempera- 
ture, it may be incorporated in the bridge circuit as the balancing resistance. 
If the remaining resistances which shunt the galvanometer be large, there 
is no reduction in the observed galvanometer deflection due to incorporation 
of the thermocouple in the bridge circuit. If no compensator be used, 
however, the output e.m.f . is in series with the balancing resistance and is 
consequently reduced. Thus if the thermocouple alone be used with the 
galvanometer, then the deflection for a given e.m.f. is proportional to 
i/{R Rq), where R and Rq are the resistances of the thermocouple and 
the galvanometer respectively. Incorporated in a balanced Wheatstone 
bridge, the same thermocouple e.m.f. produces a deflection proportional to 
i/{2R -j- Rq), due to the presence of the balancing resistance. If it? = R^^, 
that is the galvanometer matches the thermocouple, incorporation in the 
bridge thus reduces the deflection by a factor 2/3. This must be redressed 
before a positive gain is achieved. 

The steadiness of the galvanometer depends on constancy in the bridge 
circuit. If the highest sensitivities be in mind and the galvanometer is to 
be used with an amplifier, fixed resistances must be used. In such cases, 
extreme steadiness in output of the battery is essential and referciace may 
be made to the papers of White ® and Potter ^ in this connection. Where 
a galvanometer of current sensitivity of the order of 10+ ’ mm. at a metre 
per ampere is used, a post-office box of the stud variety is permissible. 
Plug boxes often give rise to irregularity due to variable contact resistances. 
Variation in the current must, of course, be obtained by resistance liox, 
not rheostat. 


Summary. 

The sensitivity of thermocouple detectors may be enhanced and con- 
trolled by using the fact that the electrical resistance of the thermocouple 
wires changes with temperature. This application of the principle of the 

^ Borelius and Lindh, Ann. Physik, 1916, 51, 607; 1917, 53, 97. Griineisen 
and Gielessen, ibid., 1936, 3 <), 449. 

“White, Physic. Rev., 1906, 23, 447. 

^Potter, J. Sci. Inst., 1934, 95- 
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bolometer is obtained by incorporating the theriho-j unction in a Wheatstone 
bridge circuit. Control is obtained by varying the relative importance of 
the two effects, and appreciable improvement, by factors varying from two 
to four, in the sensitivity of thermocouples already in use can be expected. 
Experimental results for certain commonly used junctions are presented 
and precautions to be observd are briefly considered. 

Department of Physics, 

The University, Sheffield, 

GENERAL DISCUSSION, 

Dr. M. M. Davies (Leeds) said : In the combined thermocouple ^ 
bolometer described by Dr. Conn, the element is operated at temperatures 
up to 50°. Part of the zero instability with thermocouple detectors often 
comes from atmospheric temperature fluctuations, e.g. in the form of 
draughts^ — disturbances which may even be noticeable with matched 
vacuum elements. It might thus be anticipated that working with an 
element having a considerable temperature difference from its surroundings 
would, with a given detecting system, greatly increase zero fluctuations from 
this source. Does Dr. Conn’s experience confirm this anticipation, and 
does his experience suggest that the sensitivity increases in greater propor- 
tion than the zero instability ? 

Dr. Sutherland (Cambridge) said : In regard to Dr. Davies’ question 
about the sensitivity of bolometers to draughts, I would emphasise the 
final paragraph in the paper by Dr. Thompson and myself, where it is 
pointed out that the use of A.C. should largely eliminate the effects of such 
disturbances. 

With reference to the use of bolometers in infra-red spectroscopy, it 
seems likely that the advantages these devices offer over thermocouples in 
the way of increased speed for a given sensitivity will be even more im- 
portant in the near future than the very interesting increases in absolute 
sensitivity reported by Dr. Conn. 

Dr. Conn (Sheffield) said : In the past infra-red analysis, though of 
wide application, has been limited because of a notoriously laborious 
technique. Development of sensitive detectors with a fast time of re- 
sponse will do much to extend its pi*actical utility. In certain cases, 
however, detectors of specific design for a particular class of problem are 
desirable. For example, application to reaction kinetics has not been 
mentioned in the previous papers but yields direct and significant results.^ 
In such applications quantitative estimates of the proportions of the 
reacting components are of vital importance. Hence, a means of measuring 
the absolute intensity of absorption in the reaction vessel itself (or in a 
vessel directly connected to it) is required for reliable measurements. 
Such a method, using an adaptation of the Pirani gauge is being developed. 

There are two points to be made in answering Dr. jOavies. If a thermo- 
couple detector be used with a matched compensating thermocouple, zero 
instability due to thermal, mechanical or electrical disturbance can be 
reduced to very small proportions by careful design and construction. 
There are, of course, factors peculiar to bolometers, but in all cases a 
practical limit is set by Brownian disturbance of the recording galvano- 
meter. This limit is proportional to the absolute temperature. Since 
tbe system described is used at a slightly higher temperature, the Brownian 
limit is higher. The effect is, however, small : for example, taking room 
ternperature at 20° C. and an operating temperature of 50° C., the Brownian 
limit is raised by a factor of 323/293. In the measurements discussed in 
the paper, no elaborate means of ensuring thermal stability have been 

^ Benedict, Morekawa, Barnes and Taylor, J. Chem. Physics, 1937, 5 » ^ » 
Conn and Twigg, Proc. Roy. Soc. A, 1939, 171, 70. 
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■adopted, and no compensator was used. Moreover, it should be pointed 
out that the radiation was not focussed on the receiver. The susceptibility 
to temperature change is thus tested somewhat drastically. My experience 
is that if the temperature rise is kept within the limits mentioned, the 
accuracy is not impaired. Vindication is obtained by examining the 
spread of the points plotted. I should add, however, that I have had to 
take the precaution of lagging carefully when working with similar systems 
at considerably higher temperatures. 


THE USE OF INFRA-RED ABSORPTION 
IN ANALYSIS. 

A. INTRODUCTION. 

By H. W. Thompson and G. B, B. M, Sutherland. 

Received 12th December, 1944. 

A number of papers have recently been published, mainly from American 
laboratories, in which the application of infra-red spectroscopy to problems 
of qualitative and quantitative analysis has been described.^ Similar work 
has been in progress for some years in this country, and attention may 
now be drawn to its growing importance for analytical purposes in both 
routine and research laboratories of organic and physical chemistry. ^ In 
other papers we have discussed some of the ways in which the method 
can be applied to problems of internal molecular structure and diagnosis, 
and we shall here outline briefly its application to the qualitative and 
quantitative analysis of molecules in general. 

When a molecule absorbs electromagnetic radiation of wavelength 
1-25/1, the energy is used to excite molecular vibrations. A non-linear 
molecule of n atoms has in general (3^ — 6) fundamental or " normal 
modes of vibration, each having a definite frequency, and such frequencies 
may be absorbed by the molecule from a beam in which a continuous 
range of frequencies is present. The characteristic modes of these normal 
vibrations for a given molecule differ from each other, and are associated 
with diflerent changes in the molecular electric moment, upon which the 
infra-red absorption depends. It therefore always happens that the 
vibrations are excited with different intensities, and some may be so feebly 
absorbed as not to be observed at all. Also, when a molecule contains 
several identical groups, e.g. CHa, some of the vibration frequencies group 
closely around definite values, and may for practical purposes coincide. 
These factors lead to a simplification with larger molecules of what might 
otherwise imply a spectrum of unmanageable complexity. 

Now the magnitudes of the characteristic molecular frequencies are 
determined by the masses of the atomic nuclei and the forces which hold 
them together. Certain linkages, e.g, C — H, O — N — H, retain their 
individuality in different .compounds, and give rise to frequencies which 
are only slightly affected by the rest of the molecule ; others, e.g. C— C, 
C— O, give a fairly constant frequency in different compounds, but their 
exact values are rather more influenced by their environment in the 
molecule, and by var^dng electronic influences. In principle, however, 
no two molecules other than a pair of optical isomers can have an exactly 
similar array of frequencies, and although two closely related molecules 

1 Wright, Ind. Eng. Chem. Anal. Ed., 1941, 13, i. Barnes and others, ibid., 

J 943 > S3, 659, Brattain and Beeck, /. Appl. Physics, 1942, 13, 699. 

2 H. W. Thompson, Tilden Lecture, J.C.S., 1944, 1S3. 
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may have several absorption bands at identical wavelengths, we may** 
expect to find some spectral region in which differences can be found. 
In this sense the infra-red spectrum is a fingerprint of the molecule, and 
with structural isomers of relatively simple molecules, as well as with highly 
complex organic structures, this spectrum may well be the most character- 
istic physical property of, the compound. 

Analysis usually involves two stages. It is first necessaiy to know 
qualitatively what compounds are present, or at any rate to be sure that 
no unknown component has absorption bands which interfere with or 
mask the key absorption bands of the component under consideration. 
If independent methods give this information, the infra-red spectrum 
can be used to show that no other unsuspected substances are present. 
Tlie spectra of each of the pure compounds must be known, and all the 
observed absorption bands must be accounted for by reference to these. 
Any bands which cannot be correlated in this way will imply the presence 
of an unsuspected component. It should be emphasised here that failure 
to detect a small amount of a particular component in the infra-red spectrum 
is not always proof of its absence, since in complex mixtures it may happen 
that the only strong bands of some particular compound are masked by- 
overlapping bands of others. The sensitivity of the method depends on 
several factors, and can only be assessed by reference to each individual 
case. Thus whereas it may be possible in some cases to detect o-or % 
of a component, there are others in which 5 % of a compound might be 
missed in a complex mixture. Quantitative measurements descriljed, 
below may in some cases suggest an unallocated small residuum, but this 
will depend upon the accuracy with which all the major components can 
be determined. 

Obviously the tendency for feeble bands to become submerged in 
stronger absorption regions wall be minimised by using the best possible 
resolving powder. Much would be gained in this direction by using grating 
spectrometers, especially for gas analy.sis, but for practical purposes and 
in general fpr all liquids and solids a good prism spectrometer is nearly 
always preferable and instruments of this kind are now available giving 
sufficiently high resolving power for most problems. 

When the components of a mixture are known, quantitative analysis 
can be attempted by methods based upon the theoretical absorption 
laws or upon empirical calibration. The key wavelengths to be used for 
each component will be selected on the basis of {a) intrinsic intensity of 
the bands, (6) freedom from overlap with bands of other components. 
In complex cases it is often essential to compromise between these two- 
factors. It may sometimes be preferable to use a relatively feeble ab- 
sorption band for the determination of a particular component rather 
than a more intense one which is partly overlaid by a band of some otlier 
substance, since by a correct choice of cell thickness or concentration the 
percentage absorption can be brought into a region of convenient measure- 
ment. . 

According to Beer's law, the intensities of radiation of a given wave- 
length before (Iq) and after (I) passing through a sample are related as 
follows : — 

I = or E ™ x/cL log Iq/I ^ iicL , d 

in -which c is the molar concentration, L the path length, E the molecular 
extinction coefficient, and d the optical density. The incomplete resolving 
power of infra-red spectrometers, as well as the spread of vibration bands 
resulting from factors such as change of rotational energy which may occur 
simultaneously with the vibrational transition, imply that an integrated 
form of the above equation over the whole band should be used. This 
raises the question whether the percentage absorption ^ at a band peak 
should in fact be related to Iq and I by the equation IJI = ioo/{ioo— .4),, 
or whether areas under band envelopes should be taken as a more correct 
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measure of the absorbed energy. Test measurements have shown that 
in many cases at least, the percentage absorption at the band peaks can 
be safely used, unless (i) there is some effect such as intermolecular associ- 
ation causing excessive and unsymmetrical broadening, or (ii) the ab- 
sorption band shows a rotational structure which varies abnormally with 
pressure or concentration. In the latter event, which may well occur in 
the analysis of vapours of low molecular weight, it is clear that care must 
be taken to select a suitably low resolving power by choice of slit widths. 

If with a mixture the optical densities are additive, we have, at a 
wavelength A, 

d’^ = = '^aLEi^. 

In order to determine the concentrations of each of n components it will 
be necessary to determine the optical densities of the mixture of n wave- 
lengths, each being a key for one component ; n linear equations will 
then be obtained of the form, 

= L{CiEi^‘ q- -f- , . . -p 

If the extinction coefficients Ei are knowni for each of the pure components 
-at each of the n wavelengths, it will then be possible in theory to solve 
the group of linear homogeneous equations for the unknown concentrations. 
This method is standard, and has been used in ultra-violet work for some 
time. The accuracy obtainable, however, will vary from one example 
to another for several reasons. For example, the maximum of the key 
band of compound A may lie on the steep side of an absorption band of 
compound B, In such a case the coefficient E-^ is changing rapidly with 
wavelength, and an accurate value cannot easily be obtained, for small 
errors in the wavelength setting or a change in resolving power may affect 
it seriously. Again, with multi-component systems, care is needed in 
solving the group of linear equations if eiTors are to be avoided. When 
more than three or four components are present, complete self-consistency 
of the equations is rarely found, but quick approximation methods can 
be used to obtain the most satisfactory solutions for the concentrations. 
Nielsen and Smith ® have discussed the circumstances which are most 
favourable for high sensitivity and accuracy. As regards the former it 
is necessary that the component in question shall have one band of high 
extinction coefficient at a wavelength where all the other components 
have either negligible or very small absorption. Highest accuracy will 
be obtained in determining the concentration * if the percentage absorp- 
tion at the peak is about 63 %, but the concentrations leading to this 
may be such as to cause greater overlapping, and so it may be better to 
work at rather lower optical densities. Usually about 50 % absorption 
at the peaks is a good working value. 

In computational methods of this kind, it is also necessary to make 
allowance for the absorption by the cell, and also by the solvent, if this 
is not zero. Thus, loss of energy by reflexion at the faces of the absorption 
■cell will mean that the linear plots of di against Ci for the pure components 
do not pass through the origin, and the positive intercept on the axis of 
optical density will give a measure of the " cell constant Nielsen and 
Smith ® have set out the relevant mathematical formulation in detail. 

Wlien Beer's law does not apply to the pure components, or if cor- 
respondingly the optical densities in a mixture are not additive, empirical 
calibration can be set up for the analysis by reference to mixtures of known 
composition examined under fixed experimental conditions, and by meauis 
of matching, or from graphical calibrations the analysis can often be 
carried out rapidly with satisfactory accuracy. Barnes, Liddel and 
Williams ^ and Wright ^ have described several examples of this kind. 

3 Nielsen and Smith, Ind. Eng. Chem., 1943, 15, 609. 

* Barnes, Liddel and Williams, Ind. Eng. Chem. Anal. Ed., 1943, 15, 659. 

Wright, Ind. Eng. Chem. Anal. Ed., 1941, 13, i. 
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EXAMPLES OF ANALYSES 


Apart from the difficulty of measuring optical densiticvS in the infra-red 
with high precision, other problems at present are the accurate measure- 
ment of cell thickness, and the choice of suitable solvents in the examina- 
tion of solid substances. These have been discussed elsewhere.® If the 
same absorption cell can be used without deterioration throughout a series 
of measurements, it will not be necessary to know its thickness ; alter- 
natively, the thickness of a new cell can be measured with reference to a 
master ceil by using the absorption of some standard substance. 

One of the great merits of infra-red analysis is its speed. For most 
purposes it has marked advantages over analogous methods using an 
ultra-violet spectrophotometer. The ultra-violet bands of complex mole- 
cules are usually broad maxima which overlap badly in a mixture ; by 
contrast infra-red bands are sharp and well-defined. The infra-red spectra 
must always be more characteristic than the ultra-violet spectra since the 
former depend on the whole nuclear framework of the molecule, whereas 
the latter depend essentially on electronic excitation which is usually 
highly localised in one part of the molecule. Moreover, decomposition 
of the substance seldom occurs when it is irradiated with infra-red radi- 
ation. At the same time, infra-red and ultra-violet analysis should be 
used to supplement each other where appropriate, and this is particularly 
valuable when one or two of the components present have strong ultra- 
violet absorption and the remainder have not, so that the former can be 
picked out more easily. 

Apart from the analysis of mixtures in general, one of the most valuable 
uses of the infra-red absorption is for the detection of impurities in sub- 
stances, when these cannot be detected by other methods. If only two 
components are present, the submersion of feeble bands due to the impurity 
by the stronger bands of the major component is not likely to occur so 
much as when many components are present ; and while no general 
statement can be made, it is usually possible to detect i %, and often 
much less, of an impurity if the cell thickness and concentration are chosen 
correctly. Another obvious application is the use of infra-red absorption 
for following the rates of reactions, such as polymerisations, for which 
other continuous methods are inconvenient. The direct control of in- 
dustrial production by continuously following the concentrations of key 
intermediates or products is also possible. For tliis purpose it is some- 
times possible to use infra-red filters and thereby avoid the prism dispersive 
system, and these, coupled with bolometei’S and suitable amplifiers offer 
much promise for future work, and for automatic control. 

Some typical examples of analyses which have been worked out during 
recent years are given below. These have been chosen from a large 
number to indicate the different types of system to which the method is 
applicable. 

The Physical Chemistry Laboratories, 

Oxford and Cambridge. 

® See other papers in this discussion. 


B. EXAMPLES OF ANALYSES. 

By D. H. Whiffen, P. Torkington and H. W. Thompson. 

(l) Grespls and Xylenols. — The analysis of cresols and xylenols is an 
industrial problem of considerable importance, and no very satisfactory 
quick chemical method is at present available. We have recently de- 
veloped a method, for the analysis of cresylic acid by which the percentage 
of each isomer can be determined from a single measurement requiring 
about fifteen minutes. The details of this work are being published 
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elsewhere, ^ but it will be outlined here as an example of a straightforward 
infra-red analysis capable of high accuracy. 

Between 3-20//. there are several marked differences between the spectra 
of the isomeric cresols which could be used for identification and analysis. 



Pig, la . — Cresols in Carbon Disulphide (i) 20 %, (2) 5 %, {3) i %. 


Figure la shows the spectra between 8-14/i, (1200-700 cm. -1) measured 
with solutions in carbon disulphide. Each isomer has a very intense band 
in the region 700-850 cm.-^ which is connected with a wagging motion 
of the C — H bonds perpen- 
dicular to the plane of the 2 

aromatic nucleus. These 
bands lie at about 752, 776 
and 815 cm. for the ortho, 
met a and para derivatives, 
and are so much more in- 
tense than most of the 2: 
other bands in the spec- p 
trum that if the concen- ^ 
trations are reduced so as o 
to bring down the per- o 
centage absorption at the 
peaks to conveniently o 
measurable values, other f 
bands are scarcely ap- ^ 
preciable. They are there- ^ 
fore well suited to analysis, ^ 
particularly also since there 
is hardly any overlapping 
between the bands of the 
separate isomers. In the 
actual analyses, cyclo- j 

hexane was used as sol- 
vent, since it has no ab- 
sorption in this region, and is less troublesome than carbon disulphide. 
The ■ optical density of the key bands was determined for each isomer 

^ Whiffen and Thompson, J,C.S. in the press ; Chemistry and Industry, 
Sept. 23, 1944. 



. ih. — Cresols in Cyclohexane. Figures on 
curves denote % concentration. 
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using 0*5-5 % solutions in a rock-salt cell about 0*1 mm, thick (Fig. i&). 
From these measurements, the optical density was plotted against con- 
centration (moles per litre) for each isomer, and approximate linearity 
showed that Beer's law is roughly applicable at these dilutions. The 
molecular extinction coef&cients could be obtained by dividing the slope 
of these lines by the cell thickness ; the latter was not accurately deter- 
mined, but since the same cell was used throughout the calibration 
measurements and those with unknown mixtures, absolute values for the 
extinction coefficients are not required. The optical densities at the three 
key wavelengths were then similarly determined using solutions of the 
unknown mixtures containing a known weight per litre. Since the baiids 
do not appreciably overlap, the weights of each isomer can be read oE 
the curves directly, and should total the weight taken, and give the per- 
centage composition. The method was tested against synthetic mixtures 
of known composition, typical results being as follows : 

g, per ox. percentage 



ortho 

meta 

para 

total 

ortho 

meta 

para 

Mixture i — 

taken 

. 0*31 

i*6i 

1*41 

3*33 

9*3 

48 -4 

42*3 

found 

• 0*30 

t*6o 

1*45 

3*35 

8-9 

47-8 

43-3 

Mixture 2 — 

taken 

. 0'6o 

i*6i 

1*27 

3-48 

17*2 

46-2 

36'6 

found 

. o*6o 

1*65 

i'30 

3-55 

i 6*9 

46-4 

367 


Similar agreement was obtained with other samples made up independently 
in another laboratory. One of these contained only about 90 % cresols, 
witli 10 % of miscellaneous impurities, and the infra-red determination 
not only gave a total of approximately 90 % cresols but also suggested 
the nature of some of the impurities. Subsequent woi'k and discussions 
have shown that this method for the analysis of cresylic acid may well be 
adopted for purposes of standardisation in the near future. 

The analysis of xylenols can be carried out in a similar way. The 
spectra of these substances in carbon disulphide solution have been given 
elsewhere. ’ They are more complex than those of the cresols but char- 
acteristic bands exist. It would be difficult to analyse a mixture of all 
six xylenols with high accuracy, but with comparatively easy preliminary 
fractionation, satisfactory determinations can be made. Thus, the 
following scheme can be followed : — 

Fraction A. 2,6 dimethyl phenol with cresols 

Fraction B. 2.4 dimethyl phenol 

2.5 dimethyl phenol 
? 2*3 dimethyl phenol 

Fraction C. 3.4 dimethyl phenol 

3.5 dimethyl pheixol 

There may, of course, be some slight overlap between these cuts, but this 
is not serious. Also, small amounts of the ethyl phenols can be detected 
and estimated if present. In these cases, it is impossible to give a general 
statement about the accuracy obtainable, which will vary with the par- 
ticular mixture involved, but the method is far superior and quicker than 
any other method at present in use. 

(2) Anilines, Methyl Anilines and Toluidines. — It was required to 
detect and estimate small amounts of dimethyl aniline and of toluidines 
in a mixture containing predominantly aniline and methyl aniline. The 
spectra of thin layers (about 0*05 mm. or less) of aniline, N-methyl aniline, 
KN-dimethyl aniline, and of the corresponding toluidines are shown in 
Fig. 2. As regards the first three of these, NN-dimethyl aniline has a 
band at 943 cm.-^ which lies clear of bands of the others, and can be 


Key hands (cm."’-). 

1090, 904. 

770, 804, 873. 

800, 850, 993. 

1066 

730, 807, 855, 1 1 16, 1295. 
830. 
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used for its estimation if more than about 0-5 % is present. Between 
1200-1400 cm. there are differences between the spectra, and if good 
resolving power is used, preferably with the better dispersion of a fluorite 
prism, key bands for the aniline and methyl aniline lie at 1278 and 1323 
cm.-i. There is, however, a strong band of N-methyl aniline at 1268 
which interferes with the determination of aniline by 1278, and the aniline 
is best determined by difference. The para toluidines have a strong band 



1 "IG. 2. 

The bottom curve is erroneously labelled ; it should be NN Dimethyl p Tohiidine . 

in the region of 810 cm. (the analogue of the para cresol band at 815 cm. ; 
and NN“dimethyl para toluidine has a band at 948 which lies close to that 
of NN-dimethyl aniline. The toluidine band at Sio is so intense that if 
a suitable cell thickness is chosen, i % or less can be detected. If it is 
present, correction may have to be applied in determining the NN- 
dimethyl aniline from the band at 943 cm. -h In the examples studied, 
no toluidines were found, so that a direct calibration could be set up for 
the baud at 943 showing percentage of NN-dimetliyl aniline against per- 
centage absorption or optical density, using the same absorption cell 
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throughout. With concentrations of NN'dimethyl aniline up to 20 %, 
it could be determined to about ± 3 %oi the amount present, i,e. 20 ± o*6 
per cent,, though better figures should be obtainable. The correspotiding 
meta toluidines have a band at 774 cm.-^ by which they could be differ- 
entiated. Ortho toluidines have a strong band at about 750 cm. over- 
lying the strong band of the anilines, but by means of other bands in the 
spectra the ortho derivatives could be estimated if present in more than 
traces, 

( 3 ) Dimethyl Butadienes. — ^It was necessary to estimate the com- 
position of mixtures of i.i dimethyl 1.3 butadiene and 1.3 dimethyl 1.3 
butadiene. Bands in the region 6''i4iu. provide an easy means for doing 
this, 2 and since the key bands are both sharp and intense, less than i % 
of either component can be detected in the other. The spectra of thin 
layers (about 0-05 mm.) are shown in Fig. 3. Key bands are as follows : — 

r.i dimethyl 1.3 butadiene 1218, 1061, 995 cm.-^. 

1.3 dimethyl 1.3 butadiene 1019, 935, 815 cm. 


(400 1200 1000 800 



1400 1200 1000 Soo 

Fig, 3. — ^A. 1-3 dimethyl, 1-3 butadiene. 

B. I’ I dimethyl, 1-3 butadiene. 


The analysis can 
be carried out 
either from the 
usual calibration 
curves, or by 
matching with the 
spectra of known 
mixtures, 

( 4 ) Alkyl and 
Aryl Phosphites 
and Phosphon- 
ates. — Another 
t37pe of mixture 
was that of alkyl 
or aryl phos- 
phites and phos- 
phonates 

0:PR40R2)2. 
It was required 
to know whether 
there are key 
bands for each 
class of c 0 m- 
pouiid, without 
regard to the 
particular alkyl 
radicals. The 
spectra were 
measured using 
1-5 % solutions 
in chloroform, 


and cell thickness about o-i mm. of each of the following : — 


di pam tolyl methane phosphonate CH3 . P : O {O-pam tolylja 

di ortho tolyl butane phosphonate C^Ho . P : O { 0 -ortho tolyl) 2 

di ortho tolyl butyl phosphite (C4H9 — O — )!* (O-ortho tolyl) ^ 

tri ortho tolyl phosphite 'P{ 0 -ortho tolyl)3. 


Although differing in other parts of the spectrum, the two phosphites 
were found to have a strong band at 870 cm.-^ and the phosphonates 
a similar band at 940 cm. These were used to detect qualitatively 
small amounts of each class of compound in the other class. Accurate 
quantitative estimations were not made, but it should be possible to 
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determine upwards of 10 % of either compound in the other with an ac- 
curacy of not less than about ± 5 % on the amount present [i.e. 10 % ± 0*5), 
and to detect upwards of about 2 %. Greater accuracy and sensitivity 
might be possible using carefully calibrated solutions in carbon disulphide, 
and in any case the determination can be made in a few minutes. The 
nature of the alkyl or aryl radicals is also revealed by other bands in the 
spectra. 

( 5 ) Impurities in 2.4 Dicbloro- benzoic Acid. — Samples of 2.4 dichloro- 
benzoic acid found to be unsatisfactory for a synthetic process were sus- 
pected to contain a small amount of impurity not identifiable by ordinary 
methods. The impurity seemed likely to be either 4 chloro-benzoic acid 
or 2,4.5 trichloro-benzoic acid. Since the chloro-benzoic acids are 
readily soluble only in liquids which themselves have many absorption 
bands, the spectra of the solid compounds were first surveyed, For this 
purpose a ttan layer of each of the three pure compounds and of the un- 
satisfactory 2 . 4 dichloro-benzoic acid was deposited on a rock-salt flat 
by evaporation of a solution in chloroform. Each compound has a number 
of sharp absorption bands between 700 and 1400 cm. The impure 



Fig. 4. — Dodecyl Thiocyanate and Isothiocyanate. 


product showed a weak band at 1080 cm. not present in the spectra 
of either the pure 2 . 4 dichloro-benzoic acid or 4 chloro-benzoic acid, 
but present as an intense band in the spectrum of 2 . 4 . 5 trichloro-benzoic 
acid, thus indicating the impurity. In this region 2 . 4 dichloro-benzoic 
acid has bands at 1117 and 1056 cm.~h and 4 chloro-benzoic acid has bands 
at 1117 and 1018 cm.-^. 

For quantitative estimations, i % solutions of the pure components 
were made in carbon tetrachloride, and mixtures of these made so as to 
contain 80/20, 90/10, and 95/5 % of 2 . 4 dichloi'o-benzoic acid with the 
trichloro derivative. The spectrum of the solution of the impure product 
was compared with those of the known mixtures, and the percentage of 
the trichloro-benzoic acid determined by interpolation. A cell about 
0'2 mm. thick was used for these determinations. It is possible to detect 
and estimate upwards of a few per cent, of the impurity in this way, and, 
if necessary, the method could be improved so that less could be detected. 

(6) Alkyl Thiocyanates and Isothiocyanates , — Mixtures of thiocyanates 
and isothiocyanates provide another simple case for infra-red analysis. 
The spectra of the dodecyl salts over the range 1400-1800 cni.-^ are shown 
thiocyanate has a strong band at 1460, due to a vibration 
of CHg groups, whilst the isotliiocyanate has in addition two bands at 
1710 and 1515 cm. “h The band at 1710 can be used to determine the 
iso compound in a mixture, and curves are shown for various percentages. 
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(7) A Mixture of Four Stereoisomers.- — A spectacular example of 
outstanding interest and significance was recently provided by the analysis 
of a crude solid product containing four stereoisomers. The details of 
this analysis will be published at some future date, but at present only 
the following notes may be given. Other methods for analysing the 
mixture involved laborious methods of fractional crystallisation, and 
chemical methods wei'e not available. The isomei's differed Widely in 
their solubility in different organic solvents. It was first necessary to find 
the positions of key bands for each component. A survey had therefore 
to be made of their individual spectra in a series of solvents chosen so that 
(i) the solubilities were sufficient, (ii) the spectral range could be entirely 
covered without interference of the absorption bands of solvent. These 
conditions necessitated ' the triah of several solvents for each particular 
isomer. It was eventually found possible to find a key band for each 
isomer by using two solvents, methyl acetate and ethylidene chloride, 
each solution giving a determination of two of the components. In this 
way it was possible to analyse for all four isomers by making two spectral 
measurements, in a total time of about i hour. Moreover, since each 
isomer was determined absolutely, the total weight taken could be com- 
pared with the total weight determined, and an estimate made of the 
residual impurities in the crude. The value of this kind of analysis with 
such a system of stereoisomers is obviously great. 

(8) Impurities in Solvents and Analytical Reagents. — ^We have had 
to use many solvents in work of this kind, and since fairly large quantities 
have at times to be used, it is important to have some check on the purity 
of commercial products. In some cases the most careful fractionation 
and other purification failed to give a suitably pure solvent, and the 
infra-red spectrum was found to be an invaluable aid in checking this. 
For example, samples of ethylidene chloride and tetrachloro-ethylene 
have been found often to contain small amounts of disturbing impurities, 
probably other chlorinated paraffins, which could never have been de- 
tected by other methods. It has become clear that the infra-red spectrum 
is an excellent criterion of purity of such chemicals. 

(9) Substances of Biological Importance and Pharmaceuticals. — 
Many compounds of this class have been studied during recent years. 
With a complex mixture of highly complicated molecules, the spectra 
are always difficult to disentangle, and accurate analysis for any one of 
the components may be difficult. On the other hand the method is 
extremely valuable for detecting small amounts of impurity in a sup- 
posedly pure compound, and it is here that the spectra are of greatest 
value. Also, if the identity of two compounds is in doubt, the spectrum 
may be the only satisfactory method of establishing this. Much progress 
has been made already not only with many compounds of pharmaceutical 
interest, but also in the experimental technique of preparing films of these 
substances suitable for measurement. 

The Physical Chemistry Laboratory, 

Oxford. 


GENERAL DISCUSSION. 

Br. Sutherland [Cambridge) said : Before opening the discussion on 
this paper, I should like to say how regrettable it is that we cannot have 
with us to-day Professor Jean Lecomte, who was doing such remarkable 
work in the application of infra-red spectroscopy to anal3d;ical problems in 
the years immediately preceding the war. 

When this paper was planned, it was intended that there should be a 
third section containing some examples of analyses by infra-red spectro- 
scopy done in Cambridge. Unfortunately, it was not possible to get this 
section prepared in time, so I shall mention now a few examples of analyses 
which would have been incorporated in the proposed Section "'C 
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The detection of small quantities of ethyl alcohol in acetaldehyde has 
been investigated by Mr. Philpotts. Down to J % of alcohol can be 
detected using the alcohol band at 1052 cm.-h The hydroxyl band was not 
used, as acetaldehyde has a band at 2*9 /x, but it is probable that under 
higher resolving power use of the monomeric alcohol band at 2*75 jtx would 
enable us to put the limit of detection very much low'er. In the course of 
this work bands were found which did not belong to either of the com- 
ponents of the mixture. , It is possible that these are due to the formation 
of a hemi-acetal. 

In the terpene field, it has been found by Mr. Ramsay that a pinene 
can be detected by a characteristic band at 787 cm.~i in a complex mixture 
of camphene, dipentene, terpinolene and cyclofencheiie, when the amount 
present is as low as 2 %. In the conversion of iso-borneol to camphor, 
the remaining iso-borneol can readily be detected and estimated from the 
hydroxyl band near 2-9 /x. Here there is practically no lower limit to the 
amount detectable since there is no interference from the camphor in this 
region of the spectrum. 

A particularly interesting new application of infra-red analysis has 
been in the differentiation of amino-acids. In certain nutritional probems 
it is important to be able to detect and estimate iso-leucine in leucine. The . 
spectra of these compounds, as well as of their formyl and acetyl derivatives, 
have been obtained by Mr. Darmon. The spectrum of the iso form is in 
all cases different from that of the other form. The quantitative side is 
still under investigation and the present position is that the iso-leucine/ 
leucine ratio can be determined with an accuracy of about 5 %, provided 
there is at least 10 % iso-leucine in the mixture. 

With reference to the Oxford examples, the applicability of the method 
to the cresols has been confirmed by Mr. Philpotts. In the case of the 
xylenols, however, we have found that in practice ethyl phenols which 
occur with the xylenols mask some of the key bands mentioned by Dr. 
Thompson, and further work is now being done by Mr. Willis, which we 
hope will make it possible to analyse mixtures rich in the ethyl phenols. 

We hope to publish full details of these various analyses in the near 
future. 

Dr. R. J. W. Le Fevre [London) said : Previous speakers have, quite 
appropriately, stressed the differences between the infra-red spectra of 
isomeric compounds. For the organic chemist there is at least one type 
of enquiry, namely, the recognition of geometrical isomerism, for which 
information regarding the de^ee of similarity to be expected will be of 
interest. From what has been said concerning the origin of these spectra 
and the way in which certain linkage frequencies appear somewhat in- 
dependent of the molecule in which they occur, it seems possible that two 
molecules which are structurally identical, but spatially different might 
have infra-red spectra at least as alike as are the visible and ultra-violet 
spectra for such compounds. Have sufficient cis-tvans isomers been 
examined to say whether this is so ? I hope the answer is yes, because the 
indications to-day are that organic chemists may shortly have available 
an analytical method surpassing the older spectroscopy, not only in experi- 
mental convenience and speed, but also in ease of interpretation in terms 
of the details of molecular structure. In particular, I am thinking of 
geometrical isomerism in compounds having doubly linked nitrogen atoms 
(A — ^N—N — ^B), the existence of which, postulated by Hantzsch, has 
recently been disputed by Hodgson. ^ For example, Hodgson argues that 
the syn- and aw^^-aryldiazocyanides are not cis and trans isomeric forms of 
R — — CN, but are related as iso- and normal-nitviles, both trans : 

R — N=N — N==C and R — N = N — C~N, respectively. With such mole- 
cules, certain of whose link moments will be so different and in which, 

1944, 395. 
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therefore, all link moments will be in considerably different electrical 
environments, surely the infra red fingerprints would also greatly 
difier. 

Incidentally, I suppose no infra-red spectra of n- and iso-nitriles have 
yet been recorded. 

Dr. Thompson : In reply to Dr. Lefevre, although information about 
the spectra of cis and iraws-isomers is accumulating, and in many cases 
well-marked differences have been found, I do not think that we are yet 
in a position to predict on theoretical grounds how the spectra should differ, 
except perhaps in some very simple cases. The mathenmtical treatment 
of complex molecules as vibrating systems is not at present very satis- 
factory, mainly because too little is known about the force fields in such 
molecules. 

With regard to the relative merits of ultra-violet and infra-red analysis, 
I agree of course that the application of the former must not be minimised. 
In some cases it is preferable to the latter, and in others a simultaneous 
use of both ultra-violet and infra-red absorption is useful. 

I agree with Dr. Sutherland that the presence of ethyl phenols in 
xylenol mixtures complicates the problem, and in these cases preliminary 
fractionation is essential, but the new method is considerably in advance 
of any other yet devised. 

Mr. Philpotts {Cambridge) said : I should like to make a point about 
the magnitude of the errors in an analysis such as the cresylic acid problem 
described by Dr. Thompson. It may be shown from Beer’s Law that the 
percentage error E in estimating a concentration c is connected with the 
error in measuring the percentage absorption A b}^ the expression — 


^Vhen A has the optimum value of 63 the function f{A) ^ e, the base of 
natural logarithms. So that an error of i in the percentage absorption 
leads to roughly 3 % error in the estimate of concentration even in the 
most favourable case. The consistency of the results quoted for the 
cresols, therefore, implies an accuracy of i or better in measuring A . We 
have found in practice that we cannot obtain this accuracy with a single 
determination of the absorption, but only by averaging several readings 
for the unknown solutions and for the standards. 

Mr. R. R. Gordon {Middlesex) said : In the earlier part of Dr. Thompson's 
paper he made the statement that Beer's Law is generally followed in the 
infra-red region of the spectrum and he 'outlined a method of analysis 
based on molecular extinction coefficients and the solution of syvstems of 
simultaneous equations. This is a method which we have found to be 
applicable with success to the ultra-violet region, but in very few cases 
have we found a linear relationship to hold between optical density and 
concentration in the infra-red region. Without exception all the materials 
we have examined have been hydrocarbons and the same xion-linearity 
applies to gas as well as liquid phase examination. It is certainly true to 
say that inter-molecular association may cause a departure from Beer’s 
Law, but that this is not the only factor involved in such departures is 
evident from our work in which molecular association may be dismissed. 
The degree of curvature is dependent on the shape of the absorption band 
being greatest for narrow bands, and is due to the effect of the slit width. 
In other words, it is an instrumental effect. 

The degree of curvature may be reduced by correcting the optical 
densities for scattered radiation, but it is not removed even by this means. 
It is to be regretted that Dr, Thompson did not deal with this question of 
scattered radiation as we feel that it is of importance in quantitative 
analysis. 

The examples of analyses quoted by Dr. Thompson were clearly chosen 
for purposes of demonstration, but I think a note of caution should be 
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sounded here, since the problem of precision quantitative analysis is by 
no means so simple as in the examples quoted. 

Dr. Thompson (communicated ) : I would just add a rejoinder to Dr. 
Gordon’s remarks. I am not very clear what he means by an instru' 
mental ehect giving rise to deviations from Beer's law. It is, of course, 
well understood that the measured breadth of infra-red absorption bands 
depend.9 on the resolving power of the instrument, which depends among 
other things upon the slit widths used. But we have now reached a 
stage in technique when, for liquids or solutions at least, a further reduc- 
tion in slit widths may have no further advantage and may in fact be 
undesirable on other' grounds. Of course, too, it is well known that failure 
to eliminate false radiation due to scattering is bound to lead to inaccurate 
values for the measured optical densities. Methods for dealing with this 
scattered radiation have already been discussed in the paper on technique 
by Dr. Sutherland and myself. It may be that errors arising from causes 
such as these have led to some of the apparent deviations from Beer's 
law which Dr. Gordon has encountered. Alternatively, this may have 
arisen from the use of too concentrated solutions. As we have already 
stated, it is usually preferable to work with dilute solutions and to adjust 
the path length of solution so as to obtain a convenient percentage 
absorption. 

Dr. Gordon suggests that the analyses which we have given were selected 
preferentially ; in fact, they were chosen so as to illustrate different kinds 
of chemical problem, and the sensitivity and accuracy which can be ex- 
pected in such cases, as well as the limitations, are clearly stated. There 
is now abundant experimental evidence and experience to illustrate the 
usefulness of infra-red analysis, and the more sceptical and pessimistic 
views expressed by Dr. Gordon are, in my opinion, unjustified. 


THE ASSIGNMENT OF THE VIBRATIONAL 
FREQUENCIES, AND THE FORCE FIELD OF 
THE OZONE MOLECULE. 

By Miss D. M. Simpson. 

" Received 16th November, 1944. 

It is perhaps presumptuous to attempt to add to the already extensive 
literature on ozone. The structure of this molecule has provided a 
tantalising subject for investigation and conjecture, and the published 
papers are remarkable for the apparent incompatibility of their conclusions. 
My own interest in this substance was aroused during an investigation of 
its far ultra-violet absorption spectrum. ^ Calculations on the force 
constants of the molecule were made at that time, but the results were 
too incomplete to warrant publication. Since then, several further papers 
on ozone have appeared,”* ® and it therefore seemed of value to summarise 
the available evidence on the size and shape of the molecule, to consider 
briefly its possible electronic configurations, and then to use this in- 
formation to rediscuss the assignment of the observed vibrational fre- 
quencies and to employ these frequencies to calculate the force constants 
of the molecule. 

That the probable shape of the ozone molecule is an isosceles triangle 
has been appreciated for some time. The absence of any strong Raman 

^ Price and Simpson, Trans. Faraday Soc., 1941, 37, 106. 

- MuUiken, Rev. Mod. Physics, 1942, 14, 204. 

^ Shand and Spurr, J.A.C.S., 1943, 179 - 
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line/* and the niimber and fine structure of the infra-red bands/- « preclude 
a linear or an equilateral form. There has, however, been a considerable 
diversity of opinion about the size of the apical angle; some authors 
considering it to be acute, 40° or 60°, and others that it was of the order 
of 120®, so that the structure is similar to that of sulphur dioxide. The 
electron diffraction data ^ show unambiguously that the angle is obtuse, 
127 ± 3^ ^vith O — O distances of 1*26 and 2-24 d- 0*2 a. ; the experi- 
mental scattering curves could not be matched by those calculated with 
an apical angle of about 40°. Additional evidence for this wide-angled 
structure may possibly be deduced from work on the X-ray diffraction 
of liquid oxygen. Sharrah and Gingrich ’ found indications of several 
different O — O distances. They consider that a small quantity of ozone, 
with bond lengths of 1-25-1 *30 a. and 2*24 a. may have been present in the 
oxygen, whose interatomic distance was 1*25-1 *30 a. 

The three moments of inertia M-q, Mq, of the ozone molecule 
calculated from Shand and Spurr^s data are 67*56, 5*60 and 73*16 x lo-*® 
g. cm. 2 . These are respectively parallel and perpendicular to the sym- 
metry axis in the plane of the molecule, and perpendicular to the plane 
of the molecule. The ratio p = = 0*083 is less than one, so that 

the vi V2 totally symmetrical vibrations, in which the change in electric 
moment is parallel to M^, should show a doublet structure in their infra- 
red absorption bands, and the vibration 1^3, in which it is parallel to 
should give a Q branch. All vibrations, and all combinations and over- 
tones are permitted in both the Raman and the infra-red spectrum. For 
the general case : 


V = -b WgVg -}- Til integral 


the change in electric moment is parallel to for even, and parallel 
to ikfp for odd. 

The ozone molecule with p = 0*083 belongs to the class of nearly linear 
asymmetric top molecules discussed by Nielsen.® His diagrams show 
that the vi vz bands should have no Q branches, and vg a well-defined Q 
branch, in agreement with the above conclusions. Since ozone is so nearly 
a symmetrical top molecule a rough estimation of the PR separation of 
the “ parallel " band 1/3 may be obtained using the formula of Gerhard and 
Dennison : ® 




TT y A ’ 


logic S{p) = 


0-721 
{p + 


^ = I/p 

A = Ma or M^, 


The value obtained for ozone is 27 cm.“i : and the doublet separations of 
the " perpendicular bands vi vg would not be very different. 

The ozone molecule possesses eighteen " molecular electrons, that is, 
electrons derived from the outer atomic shells. Possible electronic con- 
figurations, consistent with its isosceles triangular form are : — 


— + 4 * 

O 0=0 0—0 0=0 0—0 
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II 
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HI 


4 ™ 4.4 ... 
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IV 
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The ionic structure 1 / must of necessity be associated with a small apical 
angle, and would, as Shand and Spurr point out, possess the abnormal 

^ Sutherland and Gerhard, Nature, 1932, 130, 241. 

® Gerhard, Physic, Rev., 1932, 42, 622. 

®Hettner, Pohlman and Schumacher, Z. Physih., 1934, 91, 372 ; Z. Electro-’ 
chem., 1935, 41, 524, 

’ Sharrah and Gingrich, /. Chem. Physics, 1942, 10, 504. 

® Nielsen, Physic. Rev., 1931, 38, 1432. 

® Gerhard and Dennison, Physic. Rev., 1933, 43, 197. 
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physical properties and large dipole of a highly polar substance, which are 
not shown by ozone. Similar objections may be given to the structure V. 
The resonating forms II are unlikely, because they would be probably 
paramagnetic, whereas ozone at most is only weakly so.^^> 

The resonating structures III, IV, which should be wide-angled, 
appear to be the most probable. The dipole moment calculated for III 
(IV does not contribute) is 1*62 x 10-^® esu.® The observed value is, how- 
ever, only 0-49 X 1 0-1® esu.i® It is difficult to attribute such a discrepancy 
either to the approximate method of calculation, or to the fact that the 
ozone measurements were made in liquid oxygen solution. Samuel 
has therefore suggested the structure VI, with a small dii)ole arising be- 
tween the di- and tetra valent oxygen atoms. As oxygen has no 2d orbitals 
comparable to the ^d sulphur orbitals occupied in the analogous structure 
for sulphur dioxide, the extra electrons on the centz'al oxygen atom are 
“ promoted, " in which state they will be bonding. This premotion pro- 
duces a decrease in the bond energy of the second double bond compared 
with the first one, so that the heat of formation, 6-15 ev,, is much smaller 
than that calculated for two oxygen-oxygen double bonds 2 x 5*09 ev. 

For any of the structures III, IV or VI the force constant of the oxygen- 
oxygen linkage, of length I‘26a., would be expected to lie somewhere 
between its value for a single bond, and that for the oxygen molecule. 
In hydrogen peroxide, with a frequency of 875 and an O — 

distance of 1*46 a, the calculated value of the force constant is about 
3-7 X 10® dynes /cm. ; for the oxygen molecule, with a frequency of X550 
cm.-^ and an interatomic distance of 1*204 it is 11-3 X 10® dynes /cm.®^ 
Only one investigation of the Raman spectrum of ozone has been 
described. No strong lines were obtained, merely a doubtful weak 
doublet at 1280 cm.’^. All frequencies Ai^ > 1750 cm.-^ would have 
been reabsorbed by ozone under the conditions of the experiment. 

The infra-red observations available are those of Gerhard ® who used 
a grating to study two of the stronger bands, and of Hettner, Pohlmaii 
and Schumacher ® who investigated the region 0*5-27/^ with a prism spectro- 
meter. In addition, the ozone absorption in the region g-iofi has been 
mapped by Adel 20 as part of a study of the atmospheric absorption of 
solar radiation. In this work the other interesting regions of absorption 
of ozone are overlaid by the stronger bands of water and carbon dioxide. 
The vibrational frequencies found are given in Table I, together with the 
more possible frequency assignments. 

The fourth and fifth columns give the observed intensities and contours, 
and the last column gives the contours predicted for the assignment which 
is considered later in this present discussion. 

The most detailed information available is that of Adel on the 1043 cm. 
band. Records taken using a prism show its doublet structure distinctly, 
and this is confirmed in the more detailed grating results. 20 The line 
spacing of the P branch is fairly regular, but that of the R branch is dis- 
torted, as it is overlaid by the rotational structure of the 1064 cm.-^ band 
of carbon dioxide. The centre at 1043 cm.-i is clearly visible, and there 
is no sign of a Q branch. Gerhard ® has interpreted his own results in 
this region by suggesting that the absorption which shows irregular spacing 

Samuel, J. Chem. Physics, 1944, 180. 

Wulf, Proc, Nat. Acad. Soi., 1927, 13, 744. 

^^Laine, Ann. Physique, 1935 (XI), 3, 461. 

Lewis and Smyth, J,A.C.S., 1939, 61, 3063. 

Kimball, J.C.P., 1940, 8, 1S8. 

1® Pauling, J.A.C.S., 1932, 54 » 3570 - 

1® Penney and Sutherland, Trans. Faraday Soc., 1934, 30, 898. 

1^ Schomaker and Stevenson, J.A.C.S., 1941, 63, 37. 

1® Sutherland, Proc. Roy. Soc. A., 1933, 141, 515. 

1® Adel, Astro. J., 1939, 89, 320. 

“® Adel, ibid., 1941, 94, 451. 
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of the lines is complex, arising from two frequencies one at 1033 cm.'^ 
with a doublet contour and the other at 1055 cin,-^ with a Q branch. 
However, the more detailed curves of Adel would appear to rule out this 
possibility, and indeed Gerhard’s absorption may well be interpreted as 
a doublet band with a centre at 1045 

The 710 cm.~i is clearly shown to have a doublet structure from the 
results of Hettner, Pohlman and Schumacher, ® the dispersion in this region 
of the spectrum being sufficient to show up the contour with a welbdelined 
centre at the above frequency. The 2105 cm.-^ band, as seen in Gerhard’s 
curve, shows a definite but rather wide Q branch, and irregular line spacing 
of the PR branches. 

TABLE I. 


Observed Values. 


.Assignment. 


(6) 

(5) 

(19) (ao) 

I. 

c. 

(6) (3) 

(21) 

(22) 

Present Work 

3050 cm.-J 1 



W 

? 

Vl-hVz 

1 3Vi 



vz '!' ^3 ; 3^2 

Q,E> 

5800 cm.“^ 



W 

? 

n -f ^3 

2Vi -f- f'ii 

— ■ 

' I'l -h 

D 

2105 cm.-^ 

2108 cm.'’- 


s 

Q 


1 ; 3^2 


^3 

Q 

1740 cm,~i 

1055 

1033 cm.'i / 


w 


Vq -f »’3 


— 


D 

1037 cm.“^ 

725 cm,“i \ 
710 centre 

1043 cm.-’ 

vs 

D 

Va 


^1 

H 

D 



s 

D 

’•a 

"a 


— J'.> 

D 

695 cm.~i ) 










The PR doublet separation of the 1043 cm.-^ band, read ofi from 
Adel’s recordings, is about 25 22. ^j^^t derived from Gerhard’s 

curve for 2105 cm.-^ is about 30 cm.-^, and the Hettner, Pohlman, 
Schumacher data gives 30 cm.-^ for the , 710 cm.-^ frequency. These 
seem to be in reasonable agreement with the results calculated above, as 
it is rather difficult to be sure of the exact positions of maximum intensity 
on a curve showing line structure. 

There is little doubt that the 1043 cm.-^ frequency is to be attributed 
to a totally symmetrical vibration or v^, for as Dr. Wulf ^ has pointed 
out a frequency of about this size, associated with the ground state, is 
found to have the same combining properties as the vibrationless ground 
state in the ultra-violet absorption spectrum.^^ It is interesting to notice 
that the lower 710 cm.-i frequency, which from its infra-red contour 
must have the same symmetry as the 1043 cm. vibration, does not appear 
to figure in the ultra-violet absorption. This suggests that it may not 
be a fundamental. 

The three frequencies of a triangular molecule with atoms niMm and 
an apical angle 2 a are given by : — 


4* As) ==/{i + (2mlM) cos^ a) + [d' + 2 d)(i -f ( 2 mlM) sin^ a) -f zf (i) 


(M 2m) 


2j^ 


cos^ a 


m\m mj 


sin^ a 


+L{ii + t) 

m\m m/ 


A3 = -h {^d'lm) cos^ (x)(i -{- {2m jM) sin" a) 


(2) 

( 3 ) 


where Ag = A3 = 

/, f' are the force constants of the mM, mm bonds ; d, d' are the deformation 
force constants of the apical and basal angles respectively, defined so that 
the change in potential energy for an alteration of total angle is 
V ~ ^ds^(Sd)^, where s is the relevant bond length. The deformation 


Penney and Sutherland, Proc, Roy, Soc. A., 1936, 156, 654. 678. 
22 Adel, Cipher and Fonts, Physic, Rev., 1936, 49, 288. 

Jakowlewa and Kondratjew, Physik. Z., Sowjet., 1936, 9, io(3. 
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constants in the published literature are not all equivalent ; the convention 
given above is that of K. F. Kohlrausch.®* 

The equations for a valency force field are obtained if /', d' are zero, 
and those for a central force field if d, d' are put equal to nought. In each 
case there are three equations to determine three unknowns, two force 
constants and the apical angle. These sets of equations may be used in 
the following ways, (i) V/hen the apical angle is already known from other 
data and the force constants are calculated from two of the equations, 
then the third may be used as a test for the self-consistency of the force 
field, (ii) Alternately if two only of the frequencies are known, an estimate 
of the third may be obtained, (iii) If the two force constants are eliminated 
from the three equations, then as was shown by Bailey and Cassie,®*^ the 
following results are obtained : — 


Valency Force Field — 

I + “M- + S) - o I4l » - . + (4-/M) »n. .. 

Central Force Field — 

A1A2 




-f 


-|- 2 mlM ' ‘ A3 

ni AiA; 


3 -n 

^ 2W 


sin* a 


+[ 




A1A2 


I 4- 2m I M A3 




(5) 


If all three frequencies are known, these equations may be used to calculate^ 
the apical’ angle directly. The calculated angle may be compared with 
results obtained experimentally ; this gives an alternative method of 
checking the self-consistency of the force field employed, (iv) A further 
very useful method of using the equations (4) and (5) has now been in- 
vestigated. It is possible to rewrite equation (4) in the form : — . 


A3 

Agj 

r , 

M ~ 

X 

|] 

X 

r - \ 1 


^1 -\- 2 m jM 


For given values of x', Aa, the A1/A3 graph has the general shape shown in 
Fig. I. The diagram shows that there are limits A, B between which 
Ag cannot lie if Aj is to be positive, and limits C, D between which A^ does 
not exist. These can be readily derived from equation (6) and are given 
by the expressions : — ■ 


(^3 )b 




(2 -h 2m [M — x) 


(^3) A — 


(i 4- 2m IM) 


(\)d* (^i)c 


Ag[P rb g][(^ - i)(;y - (I 4- 2 m IM)) Q] 

(I q. 2 mJM) (4 Q) 


( 7 ) 


where P = x[2 -f 2m JM ~~ x], 


Q = Vx [2 4 2 m jM Aq[i ~ xllx —{i 42w7M)i. 


Hence the graphs obtained by plotting (Aa)^, (Agj^, (AJj^, (AJo against 
A2 for a given value of x, are all straight lines pas.sing through the origin. 
Moreover it can be shown that the slopes of all these lines are positive 

K. W. F. Kolilrausch, Dev Smehal-Paman Effeht, Evgcinzungshand, Julius 
Springer, 1938, p. 65. 

Bailey and Cassie, Proc. Roy. Soc. A., 1932, 137, 622. 
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for 1 < X < 1 + -imlM, that is, for o < sin^ a < i, so that the cor- 
responding values of (vgjg, (vi)d, (vi)o are all real. The equation (5) 

for the central force field gives analogous, but rather more complicated 
expressions in terms of sin 2 a. The expressions {7) are rather insensitive 

to alteration of the 
angle but those de- 
rived for the central 
force field are very 
sensitive to its varia- 
tion. If therefoi'e the 
apical angle of a bent 
triatomic molecule is 
known, it is possible 
to construct the 
straight line graphs, 
and from these to read 
off at once whether a 
suggested assignment 
is acceptable. 

Of the six fre- 
quencies observed in 
the infra-red spectrum 
of ozone 3050 cm.-i 
and 2800 cm. are 
too high to be funda- 
mentals, so that there 
are twelve ways of 
choosing vg from 
the four remaining 
bands 2105 cm.-^, 1740 
cni."\ 1043 cm.-b 7x0 
cm.-b The above 
analysis (iv) was 
carried out for ozone with w = M, 2a“i27°. It was found that six 
combinations were theoretically possible using a valency force field, and 
one only for a central force field. The assignments : — 

vi 1740 cm.'^ Vn 710 vg 2105 cm."i Valency Force l^ield 

2105 710 cm.“^ 1740 cni,“i Valency and Central Force 

Fields 

are unacceptable because they do not make .1043 cm.-^ a totally sym- 
metrical fundamental. The combinations : — 

vi 1740 cm.~^ V2 1043 cm.-i j/3 710 Valency Force Field. 

2105 cm.-i 1043 cm.-i 710 cm.-i 

2105 cm.“^ 1043 cm.-i 1740 cm.”^ ,, „ 

can be eliminated, because the contour relationships are incorrect. This 
leaves only the assignment : 

174° vg 1043 cm.~^ . vg 2105 cm.-^ 

to be discussed, using a valency force field. 

This new assignment with the corresponding interpretations of the 
other infra-red absorption bands is shown in Table I, together with the 
more plausible previous combinations. Hettner, Pohlman and Schu- 
macher ® who discussed several possible assignments using both valency 
and central force fields, concluded that the best results were given with 
the frequencies indicated, using a central force field, with force constants 
of 20'8 X 10® dynes /cm. and f' ^ 3-86 x 10® dynes /cm. and an 
apical angle of 39°. Penney and Sutherland gave an extensive dis- 
cussion of the applicability of the central and valency force fields to tri- 
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atomic molecules. Using a valency force field and the assignment shown, 
they calculated the force constants of the ozone molecule to be/=: ii'5 X 
dynes /cm., and = 2-34 x 10 ““ dyne-cm. /radian = for O — O 

1*29 A., and 2a = 120°, Adel, Slipher and Fonts 22 remark that they were 
unable to obtain any real values of the valency or central force constants 
from their choice of frequencies. Mulliken ^ gave a critical discussion of 
the Hettner-Pohlman-Schumacher assignment, using the electronic 
configuration I for the molecule, but did not calculate any force constants. 

Table II summarises the results of calculations now made for each 
of the above frequency assignments, using a valency force field and an 
angle 2 a = 127°. The values of / and d in units of 10® dynes /cm. were 
derived from equations (3), (2), (r) respectively. The left-hand side 
of equation (i) is shown in column 8, and the right-hand side, calculated 
from the / and d values of equations (3) and (2), in column 9 ; both are 
in units of 10® dynes /cm. Column 10 gives the percentage deviation be- 
tween these two last results, calculated on the mean value. Column ii 
gives the apical angle, calculated direct from equation (4). Column 12 
shows the value of the O — O distance in a. derived from the relevant value 
of /using Badger’s relationship and the last column gives the calculated 
average value of the specific heat Cp for the range 300-476° K. 


TABLE II. 


Refer- 

ence. 


V2 cm.“i 


/( 3 ) j 


^(i) 

L.H,S, 

(I) 

R.H.S 

(I) 


Apical 

Angle 

0-0 
(in A.) 

CpAv. 

cal. 

Present 

1740 

1043 

3105 

15*98 

3.023 

3-13 1 

38*591 

38-000 


1*3 

% 

125° 

1-17 ' 

8-86 

work 















( 6 ) 

2 105 

1043 

710 

1*82 ! 

38-90 

11-26 

61-13 

204-98 


no % 

33 ° : 

1-69 ! 

9-80 

(21) 

1043 

710 

1740 

10-91 

0-735 

— ve 

14*93 

19-09 


25 


164° 1 

1*23 ' 

9.S9 

(22) 

1043 

710 j 

210 $ 

15-98 

0*503 

— ve 

I 4'93 

24 '95 


50 

% 

Unreal 

r-z 7 

9-80 

I 

3 

3 

4 

5 

6 

7 

i 

8 

1 

9 

10 

II 

X 3 

; 13 


The observed value for the specific heat Cp in the range 300-476° K. 
is io<94 ± 0-30 caL2 7. Lewis and von Elbe quote 10*39 cal. as the result 
calculated by Kassel using the (incorrect) frequencies 528, 1033,^ 

J^355 cm,“^ of Gerhard,^ They attribute the lack of agreement to the 
presence of a low lying electronic state. Since any possible combination, 
of the observed frequencies cannot give a result greater than 9*89 cal. 
for this range, the actual discrepancy must be considerably larger. As 
there is no independent information about this possible electronic state, 
it follows that the specific heat data cannot furnish a method for dis- 
criminating between the above assignments. 

The Hettner-Pohlman-Schumacher-Mulliken assignment, although it 
gives the relative intensity relationships correctly, is unlikely because it 
gives incorrect contours for the bands. Further it suggests a molecule 
with a small apical angle, using either the valency or the central force 
fields- The self-consistency using the known value of the apical angle 
and a valency force field is non-existent, and the sizes of the force con- 
stants and the O — O distance are absurd. The force constants obtained 
using a central force field are also rather unlikely. Some of these objec- 
tions have already been discussed by Penney and Sutherland. 21 

The Penney-Sutherland assignment gives the correct contours, and a 
sensible value for the force constant f and the O — O distance, although 
the size of d is rather small. However, the calculated apical angle is too 
large, and the self-consistency of the valency force field equations for the 
observed angle is poor. The force constants / and d only have real values 
when calculated from equations (3) and (2). Moreover, as these authors 

Badger, J.C.P., 1934, 2, 128. 

-’Lewis and Elbe. 1934, 2, 294. 
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themselves point out, the intensity relationships are a little odd, for 
is much less strong than vy and the combination band at 2105 cni.-i is 
too intense. 

The Adel assignment 22 predicts the contours correctly, but it is in- 
adequate because it gives unreal values for the direct calculation of the 
apical angle, and for the force constants /, from equations (i) and (2) ; 
the self-consistency of the valency force field equations using the observed 
value of the angle is bad. Further the size of / seems a little large, and 
that of the 0—0 distance somewhat small. 

In favour of the present assignment it may be said that it gives a cal- 
culated value of the apical angle which is in good agreexnent with the 
experimental result, and that it predicts the contours of the bands cor- 
rectly as far as they can be checked. The force constants derived from 
the valency force field equations with the observed apical angle are all 
real, the two values of d differing by only 0*5 %, and the self-consistency 
of about I % is excellent. Since at 1740 cm.-^ is very near the limit 
of self absorption of the Raman investigations, then it may not have shown 
up under the experimental conditions. Moreover if 710 cm. is attributed 
to a combination frequency, then it is unlikely that it would be found 
associated with the ground state in the ultra-violet absorption, and its 
rather surprising absence is thus explained. Against this interpretation 
it should be noted that both the force constants seem high so that the 
O — O distance is too low, although admittedly use of the Badger formula 
is a somewhat approximate method of obtaining interatomic bond lengths 
in polyatomic molecules. It is, however, difficult to suggest any electronic 
formula for the molecule which could simultaneously explain both the 
experimental O — O distance, and such high values of the force constants. 
Further, the frequency, although correctly less intense than vg, seems 
very weak compared with the combination band It is also dif- 

ficult to understand how a difference band can be so strong, although the 
absorption corresponding to the initial level vg appears very intense in 
both the laboratory and atmospheric investigations. 

The main objection to both the Penney-Sutherland and the Adel 
assignments, is that it is impossible to obtain real values of the force 
constants from the chosen sets of frequencies using a valency force field. 
It ’might be argued that if a more general force field were used, this diffi- 
culty would not arise. The most general force field for a bent triatomic 
symmetrical molecule requires four force constants. Since ozone has 
only three vibrational frequencies, only three of these constants can be 
calculated. The wide-angled structure of ozone suggests that it would 
be sensible to choose /, /' and d, since the deformation constant d' of the 
basal angles will probably be small. The values of /, f' and d can be ob- 
tained from equations (i), (2), (3) direct, ,if d' is zero, but the arithmetic 
is more straightforward if the equivalent equations of Rosenthal are 
used. Calculations were made for the Penney-Sutherland, Adel and 
present assignments ; that of Hettner-Pohlman-Schumacher-Mulliken 
being considered too unlikely to merit further investigation. The two 
former still gave unreal values for the force constants. For the present 
interpretation, the following results were obtained : 

/ = 15*97 ; f == 0*5315 or 5*183 ; d = 3’38i or 1*591. 

The first set is similar to that derived from the valency force field with a 
small force constant /' between the basal atoms. It would seem to be the 
more plausible, as in the other set the deformation constant d seems 
small in comparison to /'. No check on the values of these force constants 
is available, but they are quoted here to show that the superiority of the 

j. E, Rosenthal, Physic, Rev., 1934, 45» 4-^* 
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present assignment persists, even when a field more general than the 
valency force field is employed. 

The final justification of this or any other assignment will not be possible 
nntil more detailed measurements are made on the structure of the infra- 
red bands, and on the Raman spectrum. In the meantime it is felt that 
the present interpretation provides a more consistent treatment of the 
vibrational frequencies and of the force constants of the ozone molecule 
than has yet been advanced. 

I should like to express my gratitude to Dr. Sutherland for all the 
interest that he has taken in this work, and to thank him for the very 
helpful discussions I have had with him. 

Summary. 

Using the experimental evidence now available on the size and shape 
of the ozone molecule, a new assignment of the vibrational frequencies 
has been made, and force constants have been calculated from this, using 
valency and three constant force fields. The present results are compared 
critically with those obtained with the previously suggested interpretations 
of the frequencies. 

The Laboratory of Physical Chemistry, 

Cambridge. 


THE C— C VALENCY VIBRATIONS OF ORGANIC 
MOLECULES. 

By Lotte Kellner. 

Received 11th December, 1944. 

It is well known that the infra-red and Raman spectra of organic 
molecules can be divided up into the valency and deformation oscillations 
of the constituent groups of the molecule. The valency and deformation 
vibrations appertaining to a certain linkage are well separated from each 
other since the angle forces amount to, at the most, 25 % of the valency 
forces. On the other hand, the valency vibrations of two different bonds 
will not overlap and therefore not interact with each other if the masses 
of the linked atoms are appreciably different as in the case of the C — C 
and C — H linkages for instance, Bartholom6 and Teller ^ (1932) have 
shown that the valency vibrations of the C — C single bond vibrations lie 
between 809 and 1143 cm.-^. But within this region, we may expect a 
certain overlapping with C — H bending vibrations due to the angular 
forces in the CH3 and CHa groups of the molecule. In other words, not 
all the frequencies observed between 8og and 1143 cm.-i are necessarily 
C — C valency vibrations. In the following, an attempt has been made 
to calculate the C — C valency vibrations of ' hydrocarbons and compare 
them with the observed spectra. 

1. Valency Vibrations of an Open Chain. 

The osciHations of an open chain of n mass points of equal mass m 
will be considered. Adjacent linkages form the angle 9 with each other. 
The aliphatic hydrocarbons can be assumed to consist of equal masses 
since the mass of the CH^ groups at the ends of the chain is very little 

^Bartholome and Teller. 2 . physih. Chem. B., 1Q32, 19, 366. 
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different from the mass of the CHa groups which make up the chain. All 
the mass points lie in one plane. The angle forces are neglected. A 
harmonic potential is assumed to act between the mass points, V, so that 

n -1 

V = 1/2 where /is the force constant and the Ir are the displacements 

r s= 1 

of the bonds from their equilibrium positions. The following calculation 
follows Bartholom6 and Teller (1932) with a slight alteration in the 
numbering of the Ir. If v denotes the frequency of the oscillations, they 
are obtained as the solutions of the simultaneous equations : 

^TT^v^mli = /{2^i + cos 0/a} 

“ /{2/a “h cos Q{ 1 \ H- /a)} • • • (i) 

— f{ 2 lf “f" 0(/r-i /f+l)} 

r = 2, 3, . . . n — 2. 

The three equations have identical form, if /o == 0 and / „ = o. /^ is assumed 
to be sin roc. Equations (i) have then the solutions : 

= 2/(1 + cos 8 cos a). 


a is determined from the condition /„ = o, i.e. sin noc = o. Therefore, 
Trk 

a x= — , where o < k < n. This condition furnishes the n — i j^iolutions 
n 

of equations (i) : 

47rV2m = 2/^1 -j~ cos 0cos~^ ... • (2) 


Equation (2) has been used to calculate the valency vibrations of hydro- 
carbons ; the results are tabulated in Table I and compared with the 
observed frequencies. It follows from (2) that two chains of n' and n" 
mass points have a number of valency frequencies in common if n' and 


w" have common multiples. 


In the calculations the factor 



been assumed to be 990 cm.”i, the C — C valency vibration of ethane. 
The letters " Ra " and i.r."' in Table I refer to the Raman and infra-red 
spectra respectively. The data for the Raman spectra have been taken 
from Landolt-Bornstein,- Physikalisch-Chemische Tahellen. The infra-red 
spectra of propane have been investigated by Bartholomd® (i 933 ) wliile 
those of butane, hexane, octane and dodecane have been observed by 
W. W. Coblentz'^ (1905). All the fi*equencies observed in the region 809 
to 1143 cm. are given in the table. The agreement between calculated 
and observed frequencies is amazingly good. Though the angle forces 
in the molecule as well the differences in the mass of the CH3 and CHg 
groups have been neglected, the difference between observed and cal- 
culated values does not exceed 4 % and is on the average nearer i %. 
All the observed bands can be assigned to definite valency vibrations. 
On the other hand, the calculated bands between 1102 and 1125 have not 
been observed in a single instance. 


2, Valency Vibrations of a Closed Chain. 

In the case of hydrocarbons of a cyclic structure (cyclopropane, etc.), 
the ring is composed of CH2 groups linked together by single C — C val- 
encies. The system of equations from which v is determined, reads now : 

= f{2l^ -j- cos 0(/r-i -f /r+i)} ■ • ^ • (S) 

^ Landolt-Bornstein, Physikalisch-Chemische Tahellen, 3. Erganzungsband, 

p. 952. 

®Bartholome, Z. physik. Chem., B, 1933, 23, 152. 

*Cohlentz, Infra-red Investigations, 1905. 
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r = I, . n. Each mass point has two neighbours, and n mass 

points are linked together by n valencies. If again L = sin roc, and 
li = solution of (3) is : 

^TT^v^m = 2/^1 + cos 0 cos . o < A < w. . . (4) 

The C — C linkages form now regular polygons with n sides, and 0 is deter- 
mined by 0 = Trjn (n — 2). The case of cyclohexane is an exception : 
the molecule is puckered, possessing a tetrahedral valency angle. In 
Table II, the frequencies calculated from (4) are compared with the 
observed bands. The agreement between calculated and observed vibra- 
tions is less good than in the case of the open chains (between 5 and 10 %). 
It is to be expected that the interaction between valency and angle forces 
should be greater since it is known from chemical evidence that the bonds 
in cyclic aliphatic compounds are under strain. 


TABLE II. — C — C Valency Vibrations of Ring-shafed Aliphatic Hydro- 
carbons. 


Compound. 

Frequencies in cm.“l. 


calc, 
obs. Ra 



857 

866 

837 

866 




1212 

1186 


calc. 

825 




942 

942 

1147 



obs. Ra 

887 




1031 

1031 

1200 



calc. 

808 

904 

904 

1072 

1072 


1162 



obs. Ra 

S05 

— 

— 

1050 

1050 


1160 



i.r. 

795 

915 

915 

1050 

1050 


— 


C,H„ 

calc. 

608 

776 

776 

1058 

1058 


1237 

1237 


obs. Ra 

— 

729 

729 

1005 

1005 

1165 

1282 

1282 

CaH,, 

calc. 

537 

700 

700 

990 

99^ 

1215 

1215 

1296 


obs. Ra 

— . 

760 

760 

9S8 

988 

1177 

1177 

1299 


3. Isomers, 

The isomeric forms of the aliphatic hydrocarbons pOwSsess side chains 
which may branch off at different points of the main chain. General 
formulae, from which the valency vibra.tions can be calculated, have been 
derived for the possible isomeric .structures. 

(A) One Side Chain at one End of the Main Chain, ^The whole chain 

is assumed to consist of % mass points. The first two links (called here 
li and branch both off from the next link We have the n — i 
equations ; 

^TT^v^mlx == /{2/1' -|- cos d{lx' -T /i)} 

4- cos e{lx' -f /J} 

, = /{2/1 + cos $(li 4" ^2)} 

47 rV 2 m/^ = /{2^r 4- cos + ^r+i)} 

r — 2, 3, , . . — 3 . = O. 

A subtraction of the first two equations leads to the solution 
47r®v®m == 2/(1 — \ cos 6 ) 

^Lambert and Lecomte, Ann. Physique, 1938, 10, 503. 
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’which fulfils all n — t. equations if /i ~ = . . . = ^„-3 = o. This 

vibration is antisymmetric to the plane which contains /i, . . . If 

the first two equations are added and the following notation is adopted : 
.1/ -f /i'' = /o> ^0 + = Li, all equations have the form : 

= /{s/f + cos H” ^r+l)} 

which can be simultaneously satisfied if = sin (^a + . Then : 

^TT^hn = zf(i -f cos 0 cos a), 

where a is determined by the equation 2 sin a = tan (n — 2) a. This 
expression furnishes ^ — 3 solutions. The last solution is obtained from 
■Ir = sinh (roc -j~ p). Then 47r^v^m = 2/ (i + cos 9 cosh a), and a is deter- 
mined by 2 sinh a = tanh (n — 2) a. The vibrations of these isomers 
lie no longer between the same limits as those of the normal compounds. 
In Table III the vibrations calculated from the formulae are compared 
vdth the observed frequencies. 


TABLE III. — C — C Vibrations of Isomeric Compounds 


Compound. 

Frequencies 

in cm.- 

•1, 





c . c . c 

c 

calc. 

obs. Ra 

809 

794 


9O4 

1070 

IO9S 

1070 

ioq8 



c . c . c . c 

calc. 

792 


964 



1105 

1105 

c 

obs. Ra 

0 

CO 

902 

956 

1019 


1142 

1142 

c . c . c . c . c 

calc. 

797 

905 


1034 

1070 


1120 


obs. Ra 

80S 

S90 

950 

1043 



1150 


(B) One Side Chain at each End of the Main Chain. — The valency 
vibrations are calculated in a way analogous to section (A). The com- 
putation leads to the following solutions : 

4TTh-m = 2/(1 + cos 9 cos a), 


where 


■where 


... 4 since 

tan (n — 4) Qc = — ^ 

^ 1—4 sm2 cc 

47r^vhn = 2/(1 -|- cos 6 cosh a), 

, - , , 4 sinh a 

tanh (n — 4)a = — ^ ^uTT" 

^ 1+4 sinh 2 oc 

4Tr-v^m == 2/(1 — cos 9 ). 


This last equation occurs twice. The degeneracy occurring here is spurious, 
it is caused by neglecting the angle forces. Case (B) is illustrated by an 
■octane isomer : 


C . C . C . C . C . C 
C C 


calc. 773 

obs. Ra 778 


809 950 1070 

S39 962 1048 


1070 1070 1138 

104S 104S 1150 


(G) Three Side Chains Branching off from First Link of the Chain. . — 
The equations determining the vibrations are : 

47r^vhn = 2/(1 -f- cos 9 cos a), 
where a is determined by 


tan(iz — 3) a 


3 sin a 
2 4- cos a* 


47r-v-m = 2/(1 -f cos 9 cosh a), 
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where a is determined by 

tanh (n - 3 )a = r+^sh-a' 

— 2/(1 — i cos 0). 

The last solution occurs three times. The formulae give the following 

C 

frequencies for the hexane isomer C . C . C . C : 

C 

c 

C , C , C . C calc. 690 954 1070 1070 1070 

C obs. Ra 725 760 874 932 947 1057 1057 1057 1143 

(D) One Side Chain Branches off from every Link of the Main Chain. — 
If it is assumed that the main chain contains n — i linkages, the whole 
molecule will consist of 2n — i linkages or 2n mass points. The following 
formula are obtained for the vibrations : 

= 2/{x 4- ^ cos 6 cos a ± cos 6 Vcos^ a -{- 2 cos a + 2} 

where a ^ o < k < n (2n — 2 solutions), 

and 4.rr^vHn = 2/. 

The vibrations lie between the limits 

^ i cos e + J cos e^/ 5} 
and J-. -1(1 — cos 0). 

27 r \ m 

For cos 0 = — I and — a / 2 ^ = 990, the frequencies extend from 672 
to 1143 cm.“i. The solutions have been applied to the following two 


cases ; 

C. C.C. C.C 

calc. 

777 937 

990 

1092 1117 

C 

obs. Ra 

747 810 875 950 

1014 

1034 1158 

C.C. C.C. C.C 

calc. 

736 866 

962 

990 1090 1102 

C c 

obs. Ra 

733 754 801 840 897 

955 

984 1034 1054 1123 


(E) Two Side Chains Branch off from every Link of the Main Chain . — 
If the main chain, again, consists of — i linkages, the whole molecule 
will contain in — i linkages or in mass points. The vibrations are 
obtained from the formulas : 

47r2xi2m = 2/{i 4- i cos e{2 cos a 4- I ± VYy +Y2 cos a 4_“ 4 cos^ a)| 

with a = — , o < k < n. 
n 

= 2/(1 — ^ cos 9 ), 

The last solution occurs (n 1) times. This case is illustrated by the 
example : 

C C 

C.C calc. 749 905 107c 1070 nil 

C C obs, Ra 737 771 850 945 1053 1053 1150 
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The largest possible frequency is the same as in the case of the normal 
compounds (1143 cm.-^) ; but the smallest possible frequency shifts to 

+• icos 0(3 + V33)}. 

i.e. 514 cm.-i so that the range of valency vibrations overlaps the region 
of the deformation frequencies. Consequently, the agreement between 
calculated and observed frequencies is no longer so good as in the case of 
the normal compounds. Furthermore, the spectra of the isomeric com- 
pounds show, in the region under survey, a greater number of bands than 
can be ascribed to valency vibrations. We have, here, therefore, a certain 
superposition of the range of bending oscillations over that of the valency 
vibrations. This did not occur in the spectra of the normal chains ; every 
band observed could be assigned to a valency vibration. The tables show 
that the agreement between calculated and observed vibrations improves 
with the length of the chain as is to be expected. In the case of very 
long chains, the bands will merge into one another so that the appearance 
of the spectrum becomes more and more that of a continuous band 
stretching from the upper to the lower limit computed above. As has 
been shown, the extension of the continuous band will vary with the 
structure of the substance under analysis. 

Summary. 

The C — C valency vibrations of aliphatic hydrocarbons have been 
theoretically calculated. General formulae are developed for the valency 
vibrations of normal chains of CHa groups, isomers and cyclic molecules. 

The C — C valency frequencies of a number of hydrocarbons of varying 
structure have been computed by means of these formulae and are com- 
pared with the observed spectra. From the agreement between cal- 
culated and observed values it can be concluded that the interaction 
between bending and stretching vibrations is only a second order effect. 
It is, therefore, possible to identify the C — C valency vibrations of any 
hydrocarbon by applying the formulae given in the paper to the compound 
under consideration. 

Imperial College of Science and Technology, 

London. 


THE FORCE CONSTANTS OF SOME CH, NH AND 
RELATED BONDS. 

By J. W. Linnett. 

Received 4th December, 1944. 

It has been realised for some time that the presence of a given grouping 
of atoms in a molecule results in that molecule possessing vibration fre- 
quencies characteristic of the atomic grouping. Thus all molecules 
containing the C — H group have at least one vibration frequency of 
3000 ± 300 cm.-^. The magnitude of the observed frequency, which 
corresponds to the C — H valency vibration, depends mainly on the masses 
of the carbon and hydrogen atoms and on the force constant of the C — 
bond. The approximate magnitude is given by = k, where v is 

the frequency, ^ is the reduced mass of the link, and k is the force constant. 
This approximation is quite good if there is no other atomic grouping in 
the molecule having a characteristic frequency about the same as that 
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being considered, li such a grouping is present, then the two motions 
resonate with one another, the frequencies change, and neither resulting 
frequency is characteristic of either particular grouping alone. 

In many organic molecules there is no atomic grouping, other than 
C — H, whicli possesses a frequency at all close to 3000 cm.-^, so the above 
equation gives the observed magnitude quite well when the C— H group 
is like that in chloroform. With a CHg group, however, there are two- 
C — H groups, both of which will tend to give vibration frequencies of 
the same magnitude, and these will interact. In this case therefore the 
valency vibrations of the whole CHg group must be considered. This, 
gives one symmetrical and one antisymmetrical valency vibration. 
Similarly CH3 must be considered as a group, rather than each CH separ- 
ately, giving a symmetrical and a doubly degenerate vibration. The 
case of CH4 may be considered separately. It seems probable that the 
interaction between the vibrations of two similar groups in different 
parts of the molecule is slight. For instance, the interaction between; 
the two methyl groups in dimethylacetylene,i and even in ethane,® does 
not have a large effect on the CH vibration frequencies and can be ignored 
even in a fairly exact treatment. 

Therefore, providing we restrict ourselves to molecules having no other 
grouping with a characteristic frequency near 3000 cm.~b we may calculate 
the force constants of the C — H bonds in the molecule by using the fre- 
quencies observed in the infra-red and Raman spectra which are char- 
acteristic of the CH, CHg or CH3 grouping, together with the simple formula 
appropriate for the grouping. 

The alternative approach to the problem leads to a similar result. 
In this one constructs the complete equations for all the vibration fre- 
quencies of the molecule in terms of all the force constants, and then; 
factorises off from the equation the expression for the highest frequency,. 
This can be done simply to quite a close approximation when the fre- 
quencies involved are much greater than any others that the molecule 
possesses, as has been shown by Crawford and Edsall.® The resulting 
formulae are the same whichever approach is used. 

In the present paper the first method has been used for calculating 
the force constants of C — H and N — H bonds in a variety of molecules. 
A few O — H, S — H and similar bonds have also been considered. Comr 
parison of the force constants is a more satisfactory way of comparing a. 
number of C — or N — H bonds than is a simple comparison of the observed 
frequencies, since the latter depend on the atomic grouping {e.g, whether 
CH, CHa or CH3) as well as on the strength of the bond. A similar com- 
parison of C — H force constants has been made by Fox and Martin for 
hydrocarbons.** They compared the constants in the saturated CHs,. 
CH2 and CH groups, tire ethylenic CHg, the acetylenic CH, and the benzenoi'd 
CH groups. Their findings, in most respects, confirm the conclusions 
of the present examination though they did not interpret their result.s in 
the manner here described, but only noted the considerable change in 
C — H force constant resulting from structural changes. 

Formulae. 

The formulas used are : — 

(1) MH group : A = /e(i?i + R2). 

(2) MHg group : Symmetrical A = /e(Ri -f 2R2 . cos® &) 

Antisymmetrical A == A(Ri + 2R2 . sin® 0 ). 

where 20 ^ the HMH angle. 

(3) MH3 group : Symmetrical A = + 3i?2 . cos® cf,) 

Degenerate A = . sin® 4 >) 

^ Linnett, Trans. Faraday Soc., 1941, 37, 469. Cra^vford and Brinkley., 
J. Chem. Physics, 1941, 9 , 69. 2 Linnett, ibid., 1940, 8, 91, 

® Crawford and Edsall, J. Chem. Physics, 1939, 7, 223. 

^ Fox and Martin, Proc. Roy. Soc., A, 1940, 175, 208. 
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where <l> is the angle between the MH bonds and the symmetry axis of the 
MH3 group. 

(4) MH4 group : Symmetrical A — ^ 

Degenerate A = -f iRz). 

assuming a tetrahedral arrangement. 

In the above formulae A — 477^^2 where v is the vibration frequency, 
and and ^-re the reciprocals of the masses of the H and M atoms 
respectively. 

In the rest of the paper the force constants will, be given in units of 
10® dynes per cm. That is a force constant of 5 x lo^ dynes per cm. will 
be referred to as a force constant of 5 units. 

Figures for the vibration frequencies have been taken from the original 
papers of a variety of workers on infra-red and Raman spectra ; and 
also from books such as those of Sponer, Hibben and Kohlrausch. 
References are given in special cases. 


Results. 

C— H Bond. 

Some Substituted Methanes. — ^The force constants of a number of 
C — H bonds in methane and some of its derivatives are shown in Tables 

TABLE I. — The C — Force Constant in Methane and Some of its 

Derivatives 


X 

CH3X 

CH^Xa 

CHX3 

H F 

4*97 471 

4*97 4-89 

4.97 — 

Cl 

4-90 

4'95 

4-96 

Br I 

4*95 5-00 

4-96 4-94 

4*97 — 

4*90 

4*73 

1 0 

COO- 

4-97 

4-88 

TABLE 

II. — ^The C — H Force Constant in : 

SOME Methyl Compounds 

X 

CHg NHa 

OH 

OCH3 

SH SCH3 

COClCOBrCONHo 

CHoX 

4-81 4*69 

471 

4*95 

4*94 4*90 

4-90 4*88 

4'94 

X COCH3 CHO CO 

.COOH 

0 . CO . H 

CN NC 

SCN NOa 

ZnCHa 

CH3X 

4-85 4'98 

4-94 

5*02 

5*00 5-01 

4*94 5 *o 6 

4:78 


TABLE III. — The C — H Force Constants in some other Aliphatic 

Compounds 


X 

Cl 

Br 

CN 

OH 

NH. 

C3H3 

Cl Cl 

Y 

CHoCl CHoBr 

CHXN 

CHgOH 

CHoNHo 

CH3C0H3 

COCl CeH, 

CH^XY 

4-84 

4-SS 

4*86 

4-62 

4*53 

4 *80 

4*86 4*92 

X 

Cl 

Br 

Cl 




Y 

CHCL 

CHBr. 

CCI3 




CHXoY 

4*S5 

4*86 

4-86 





I, II and III. The force constant given for the C — bond in methane is 
the mean of ten figures obtained from CH^ and its four deuterated deriva- 
tives. The mean deviation from 4*97 is 0-07 units, which suggests that 
the figure is fairly reliable. The normal force constant of the C — H 
bond in methane and its derivatives will therefore be taken to be 4*97 
units. Further reference to Tables I and II shows that in many cases 
the force constant of the C — H bond does not deviate appreciably from 
the normal value. This can be seen particularly well for the chlorine, 
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bromine and iodine derivatives of methane [cf. Fox and Martin 4 ) . in 
these cases, therefore, the C — bond seems to be the same as in methane. 
There are, however, several cases where the force constant does deviate 
from the normal value. 

In methyl fluoride the C — force constant is . 4*71, which is low 
compared with 4-97 beyond the limits of error. It is probable that this 
is to be associated with a high contribution of the ionic term in the C — 
link, which results in the methyl group having a positive charge. It will 
be seen later that the N — H bond in the ammonium ion has a much smaller 
force constant than that in ammonia. Therefore, from this, the positive 
charge on the methyl group would be expected to lead to a reduction of 
the C — H force constant. That a considerable contribution of the ionic 
term, much greater than in the other alkyl halides, is to be expected in 
methyl fluoride can be seen from Pauling's electronegativity tables.® 
In methylene fluoride, the force constant is very nearly normal. This 
may arise because the second fluorine atom reduces the positive charge 

on the carbon atom by the contribution of structures such as F=CH F, 
the positive charge resulting from the ionisation of one fluorine atom being 
transferred from the carbon to the second fluorine atom. ^ 

In methylamine and methyl alcohol also, the C — H force constant is 
markedly lower than the normal. It is difficult to believe that this effect 
,is due to a positive charge on the carbon atom, since the electronegativity 
difference between carbon and nitrogen (0-5) is much less than between 
carbon and fluorine (1*5), being the same as that between carbon and 
chlorine (0-5). Continuing the series CHgNHg, CH3OH to ethane, 
CHg . CHg, it will be seen that in this molecule also the C — H force constant 
is below the normal value [cf. Fox and Martin^), though less so than in 
methyl alcohol or methylamine. It seems possible that the reduction 

- 1 - 

may be due to the contribution of structures such as HCH2—CH2H 
in ethane, such contributing structures having been suggested by Gorin, 
Walter and Eyring to account for restricted rotation in ethane.’ Anal- 
ogous structures in methyl alcohol and methylamine may be the reason 
for the low value of the C — force constant in these cases.- It will be 
shown later that the N — H force constant is less in methylamine than 
in ammonia as would be anticipated if this explanation is the correct one. 
In molecules such as ethylene dichloride and dibroinide (Table III) the 
C — H force constant is also lower than in methane, but not as low as in 
ethane. In these molecules there are fewer possibilities of resonance 
with double bond structures since there are fewer hydrogen atoms to use. 
On the other hand, in ethylene glycol and ethylene diamine the reduction 
in the C — H force constant is even greater than in methyl alcohol or 
methylamine. According to the above explanation, this is because there 
are now more resonance possibilities since each methylene group is between 
another methylene and a hydroxyl, or amino, group with both of which 
the above type of resonance is possible. The C — H force constants in 
methane and ethane parallel the C — H bond energies determined by 
Stevenson to be 10 1 and 96 K.cal. per g. mol. respectively.® For the force 
constants there is a 3 % reduction on passing from methane to ethane 
and for the bond energies a 5 % reduction. 

Fox and Martin gave the force constants of the CHg, CHs, and CH 
groups in saturated hydrocarbons as 475, 4*56 and 4*56 units compared 
with 5*04 units in methane. This shows a steady reduction in the series 
which would be expected from the present explanation. Each CHg is 
between two other carbon atoms and so can assume double bond structures 

® Pauling, Nature of the Chemical Bond, Section II, ixa. 

® Brockway, /. Physio. Chem., 1937, 185. 

’ Gorin, Walter and Eyring, J.A.C.S., 1939, 61, 1876. 

® Stevenson, /. Chem. Physics, 1942, xo, 291. 
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with the carbon atoms on each side, which means that the C — H bond 
should be weakened still further compared with ethane in which there 
is only one C — C bond to assume a partial double bond character. In 
confirmation of this Fox and Martin give the C — H force constant in the 
methyl group in higher hydrocarbons as 4*75, which is approximately 
the same as in ethane. Fox and Martin state that the value for the CH 
group is of doubtful reliability. 

In only one case does the C — H force constant seem to be definitely 
higher than in methane and that is in nitromethane, and then by only 
0*09 units. In zinc dimethyl the force constant of the C — H bond seems 
to be definitely low. 

The Ethylenic G — Bond. — In Table IV are shown the C — H bond 
force constants of some ethylenic derivatives. Omitting, for the moment, 
those containing chlorine it will be seen that the force constant is close 


TABLE IV. — The C — Force Constants in some Derivatives of 

Ethylene 


X 

H 

Cl 

Cl 

H 

H 

H 

Y 

H 

H 

Cl 

Cl 

Br 

I 

X . CH=CX . Y 

5*08 

5-17 

5-iS 

5’I6 

5*11 

5-09 


to 5’ I units (Fox and Martin give 5*05). This is definitely higher than 
the normal methane C — H force constant. On the electron pair bond 
theory the carbon valencies in methane ai'e produced equivalent by sp® 
hybridisation.® In ethylene, however, there are formed three equivalent 
bonds by sp^ hybridisation.^® The C — H linkages are each formed by 
one of these. It seems therefore that the force constant of 5*1 units is 
the normal value of the C — bond when sp^ hybridisation is involved. 

In the three chlorine substituted ethylenes the C— H force constant 
is rather higher (5*17). If this is real, it is presumably to be associated 
with the resonance that occurs in these chlorethylenes, since it occurs in 
all the chlorine derivatives but in no others. 

In acetylacetone there is a Raman frequency of 3070 cm.-^ If this 
is interpreted as arising from the enol form, and, in this, from the central 
CH group, the force constant is calculated to be 5-13 units. This value 
is consistent with that for an ethylenic C — bond which this w'ould be 
in the enol form of acetylacetone. 

Benzenoid C — Bond. — In Table V are given the force constants 
of the C — H bond in benzene and a variety of its derivatives, as calculated 


TABLE V. — The C — Force Constant in some Derivatives of 

Benzene 


X 

H 

CHs 

CHoCl 

CHoCN 

CHoOH 

CH^NHo 

CH,NOo 

CeHsX 

5-10 

5-08 

5 * o 8 

5*09 

5-07 

5-08 

5-10 

X 

Cl 

Br 

I 

CN 

OH 

SH 

NH„ 

CaHgX 

5-12 

5‘io 

5*oS 

5*12 

5'io 

5*10 

5*o6 

X 

NHCeHs 

CsCH 

NO, 

CHO 

COCH3 

COOCH3 

COCl 

C^H^X 

5*12 

5-10 

5*07 

5-09 

5-12 

5*14 

5*13 


from the symmetric \dbration frequency. It will be seen that, in all cases, 
the C — force constant is within 0*04 units of 5*1 (Fox and Martin give 
5-12), Now in benzene, as in ethylene, three equivalent carbon bonds 
are formed by sp® hybridisation,^^ so that we should expect the C — H 

® Pauling J.A,C,S„ 1931, 53, 1367. 

Penney, Proc. Physic. Soc., 1934, 46, 333. 

Brockway, Beach and Pauling, J.A.C.S., 1935, 57, 2693. Thompson and 
Linnett, J.C.S., 1937, 1393 - Bowen, Ann. Rep., 1943, 12. 
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force constant in benzene to be the same as in ethylene- This is found 
to be so, both having the value of 5*1 units. 

Acetylenic C — H Bond. — This can be found from acetylene, alkyl- 
acetylenes and phenyl acetylene where the values are 6*05, 5-97 and 
5*92* units respectively (Fox and Martin give 5*92). In acetylene two 
equivalent bonds are formed by sp hybridisation and the — H bond is 
formed by one of these. So 6*0 units seems to be the force constant 
characteristic of sp hybridisation. We therefore obtain the series : 
sp^ 4'97 ; proportion of the s-orbital in the 

bond forming orbital increases the force constant of the bond increases. 
This is surprising as the sp^ bond is supposed to be the strongest, and the 
strength to decrease as the proportion of s-orbital in the bond orbital 
increases. However, there is no doubt that there is the increase in the 
force constant in the above series. 

Aldehydic G — Bond. — ^The force constants of some aldehydic C—H 
bonds are listed in Table VI. It will be seen that the constant is much 

TABLE VI. — ^The C — H Force Const in some Aldehydes 


R H CH3 CCI3 C„H5 oh OCH3 NH. 

R . CHO 4-43 4-37 4*48 4-a7 4*75 4-40 4-53 


smaller than that in methane, being approximately 4*4 or 4*45 if formic 
acid and benzaldehyde are excluded- The carbonyl bond has quite a 

large dipole moment as a result of resonance with the structure =^C — 
which is said by Pauling to contribute equally with the normal electronic 
arrangement representecl by This would lead to a large positive 

charge being located on the carbon atom and, by analogy with methyl 
fluoride, this would result in a decrease in the C — H force constant. The 
reason why the C — H force constant in formic acid and in benzaldehyde 
is greater than in formaldehyde and acetaldehyde may be because in 
these cases the positive charge on the carbon atom is somewhat reduced 
in formic acid by transfer to the oxygen of the hydroxyl (cf, CtLFa), 
and partly neutralised in benzaldehyde by polarisation of the benzene 
nucleus. The force constant in formamide is increased slightly relative 
to that in formaldehyde, so in this case it appears that the nitrogen takes 
some of the positive charge by a small contribution of the structure 

H . Cs. + ^ though the effect is less than in the acid. 

NH2 

The force constant of the C — H bond in CH3 . CH=:N . OH, acet- 
aldoxime, is 4*42 units, which shows the same reduction as that in the 
aldehydes. 

G — H Bond Lengths. — By the application of one of the various rela- 
tions between bond lengths and force constants it should be possible to 
calculate the C — H bond lengths in the compounds that have been con- 
sidered. The Douglas Clark relation (^ . — a constant) is found to 

be satisfactory.^*^ For the following three cases which may be taken 
as standard, we have : (a) ground state of the CH diatomic molecule : 
^ — 4 ‘ 35 » = 1*120 A, k . == 8*58 ; {b) CH^ : k = 4*97, re = 1*093, 

k . ^ 8*47 ; (c) C2H2 : k = 6*o, r^ = 1*057, k , ^ 8*37. Taking 

the Douglas Clark constant to be 8*47 we should calculate for [a) from 
^ = 4 * 35 > = i*ii8 ; and for case (c) from k = 6 *o, re = 1*059 a. Both 

Lowry, J.C.S., 1923, 822. Pauling, Nature of the Chemical Bond, Section 
II, '12a, 

Pauling, loc, Section VI, 2^d. 

Douglas Clark, Phil. Mag., 1934, 18, 459. 



J. W. LINNETT 


229 


are within 0*2 % so we may expect this method to give quite a good value 
for the bond length. Moreover cases {a) and (c) are at the extremes of 
bond length to be obtained for the C — link. Table VII gives a few bond 
lengths calculated 
on the basis of the 
above formula. It 
Avill be seen that 
the C — bond 
length can vary 
over a range of 
about 5 <%, or 
■0*055 

Summary for 
G— H Bonds. — It 
seems that there 
are three main 
factors which 
ahect C — H bond 
force constants : 

(i) The type of 

carbon bond orbital used in the linkage, whether or sp ; (2) the 

extent to which there is a positive charge located on the carbon atom, the 
constant being smaller the greater the positive charge ; (3) the extent to 
Avhich double bond forms involving ioiric structures contribute as in 
ethane, methyl alcohol and methylamine. 

N~H Bond. 

Ammonia and Aliphatic Amines. — ^The force constant of the N — H 
bond in ammonia is 6*49 units, this being the. mean of three figures which 
have a mean deviation of 0*05 units. In methylamine the constant is 
6*30, and in dimethylamine 6*15 units. This shows the same reduction 
of the force constant of the N — H bond as was observed for the C — H 
bond in ethane, methylamine and methyl alcohol. It is Avorth noting 
that in methylamine there is ,a simultaneous reduction of both the CH 
and the N — force constants, and not an increase of one accompanying 
a decrease of the other. This simultaneous reduction in both force con- 
stants is explained if it arises from contributions of structures such as 

_u ... 4. 

HCHa^NHH and H CHa^NH H. This will also explain Avhy in 
dimethylamine the N — H force constant is smaller than in methylamine. 
Benzyiamine also gives a smaller N — force constant (6-ig) than 
ammonia. 

Ammonium Ion. — Using the frequencies given by Ananthakrishnan 
for the ammonium ion the N — H force constant is found to be 5*36 units 
which is much less than in ammonia. It is difficult to obtain figures 
for the N — H force constant in methylammonium ions because the C — H 
and N — H frequencies are so close that it is impossible to separate them 
(see Introduction). Hov’-ever, CH3 . ND3+ gives the N — D force constant 
to be 5*4, and in ND3+ . ND3+ it is 5*24 units. So a - value of approxi- 
mately 5*35 units may be regarded as satisfactory for the N — H force con- 
stant in an ammonium type ion. This shows the large reduction in the 
N — H force constant resulting from the location of a positive charge on 
the group. A similar efiect accounted for the Ioav A^alues for the C — 
force constants in methyl fluoride and in aldehydes. It must be re- 
membered that in ammonia the nitrogen atom uses predominantly 
;/7-orbitals for bond formation whereas in the ammonium ion, there is sp^ 
hybridisation of the nitrogen orbitals. However, though this might lead 

Ananthakrislinan, Proc. Ind. Acad, Sci., A, 1937, 5, 85. 

Edsail and Scheinberg, /. Ghent. Physics, 1940, 8, 530. 


TABLE VII. — Some C — Bond Lengths Cal- 


CULATED 

FROM THE Force 

Constants. 

Molecule, 

Force Coastant . 

C — H Bond Length . 

Methane . 

4*97 

1*093 A. 

Ethylene 

5-1 

I*o88 

Benzene . 

5.1 

i-o88 

Acetylene 

6*0 

1*059 

Formaldehyde . 

4*43 

1*114 

CH3F . 

4-71 

1*103 

CH3CI . 

4*90 

1*095 

CHaBr . 

4*95 

1*094 

CH3I 

5*00 

1*092 
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to a slight reduction in the N — H force constant it does not seem probable 
that this can account for the whole of the large reduction from 6*49 to 5*36 
if we consider the figures for the effect of sp^, sp’^ and sp hybridisation! 
on the C — H constants. For the C — bonds the effect of changing 
hybridisation on the force constant seemed to be decreasing as one ap- 
proached a more wholly ^-bond orbital. However, the large reduction 
on passing from ammonia to the ammonium ion may be a combination 
of the charge and hybridisation effects. 

Other Amines. — The N.H force constant in aniline is 6-35, and in di- 
phenylamine 6*21 units, which shows a steady decrease from 6*49 in 
ammonia on attaching the phenyl group to the nitrogen atom. It is prob- 
able that this arises from resonance contributions to the structure, suchr 
— -f 

as in aniline CeHg^NHg, which increase the positive charge on the nitrogen 
and so reduce the N — H force constant. 

In the ion NH3+ . NHg the force constant of the N — H bond in the 
amino group is 5*83 units, which shows a very great reduction compared 
with ammonia indicating that the positive charge on the NH3+ group is 
shared, to a considerable extent, with the NH2 group. 

In the guanidinium ion, C(NH2)3+, the N-^H force constant is 6*oo 
units. This ion is probably a resonance hybrid of three structures of the- 
+ 

type : (NH2)2D=NH2, which means that the positive charge is largely 
shared between the three nitrogen atoms. ThivS would explain why 
the N — H force constant is low compared with that in ammonia, though 
rather closer to that in ammonia than to that in the ammonium ion. 

Amides and Urea. — The N — H force constant in formamide is 6*31,, 
in acetamide 6-41, in diacetamide 6-ii, and in succinimide 6.12 units. 
This shows a reduction compared with ammonia and probably arises from. 

/O 

the contribution of structures such as — CC + , though the small re- 

duction ill formamide and acetamide indicates that the contribution of 
these structures is only slight, as was concluded from the C — H force- 
constant in formamide: The positive charge on the nitrogen atom is 
increased in diacetamide and succinimide by the action of two adjacent 
carbonyl groups. 

In urea (N — H force constant, 6-43) the eSect of the carbonyl is divided 
between two amino groups and the positive charge on each amino group 
seems to be very slight because the N — force constant is only slightly 
less than in ammonia. The contribution of the ionic structures tO' 
resonance in urea would therefore seem, from the above evidence, to be 
slight though the evidence of bond lengths is that it is considerable, 

The N — H force constant in several imino-ethers of the general formula 

. C{=NH) . OR is 6‘i2 units, which shows a reduction below that of 
ammonia. 

N — H Bond Lengths. — The Douglas Clark relation /e . — a constant 

does not seem to be satisfactory for the N — H linkages, and k . = a 

constant has been used. Three test cases give : (i) one state of the NH 
diatomic molecule : h — 2-84, re = 1*123 a., constant = 6’85 ; (2) a 

second state of the NH diatomic molecule : h = 5*16, fe = 1*041?. 
constant = 7*00 ; (3) Ammonia : h = 6-49, = i-oi a., constant — 7-00. 

These three cases cover a very wide range, and considering this the 
constancy is very good. Since the range with which we are concerned 
is that covered by (2) and (3) the constant will be taken to be 7-00, This 
gives for several of the N — ^H bond lengths : ammonium ion, 1*036 a. 
acetamide 1*012 ; urea, i-oii ; aniline, 1-013 \ guanidinium ion, 1*020 a.. 

Pauling, loc. cii, Section VI, 27. 

Pauling, loo, cii. Section VI, 255. 

20 Wyckoff and Corey, Z. Knst., 1934, ^9, 462. 
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The accuracy does not warrant the fourth significant figure, but this has 
l^een included to show the kind of change in bond length to be expected 
from certain structural changes. The changes in bond length are not 
as great with the N — bond as with the C — bond. 

Summary for N — H Bonds, — There is a large reduction in force 
•constant on passing from ammonia to the ammonium ion, and in other 
cases the presence of a positive charge on the nitrogen leads to a reduction 
of the N — H force constant (cf. guanidinium) . A carbonyl group adjacent 
to the N — H group appears to confer a small positive charge on the nitrogen 
by resonance with ionic structures. A benzene ring behaves similarly. 
A methyl group attached to the IST — H group reduces the force constant 
probably because of resonance with ionic double-bond structures. 

Other M — Bonds. 

Some O — H Bonds. — Using the figures of Dennison we find the 
O — H force constant in water to be <8*3 units. That in methyl alcohol 
(using O — H and O — ^D) is 7 '65 units. Here there is the reduction in the 
O — H constant as compared with that in water, as there was in the N — 
constant in methylamine as compared with that in ammonia. The C — H 
force constant also is less in methyl alcohol than in methane. The ex- 
planation is presumably similar to that suggested for methylamine. 

The fundamental OH absorption band in the infra-red spectrum of 
phenol has been studied by Fox and Martin. xhe band is at 3612 cm. 
which gives the force constant of the O — H bond in phenol to be 7*26 
units. The O — force constant in phenol is then lower than that in 
water, which suggests that there is a positive charge on the oxygen atom 

— + 

from such contributing structures as C^Hg — OH {cf. aniline). This is 
consistent with the chemical behaviour of phenol and with its dipole 
moment. 

Some S — H Bonds, — ^The S — H force constant in hydrogen sulphide 
is 4-0 ; ill methyl mercaptan, 3*8 ; and in thiophenol, 3*8 units. It will 
be seen that the S — ^H constant is lower in CH3SH than in HgS [cf, the 
O — H and N — H bonds). However, in CH3SH the C — H constant is 
normal within the limits of error (Table II) . Also the S — H force constant 
is lower in thiophenol than in HaS, as the O — H constant was lower in 
phenol than in water. The percentage lowering for. the S — ^H bond on 
attaching the phenyl group {5 %) is not as great as the percentage lowering 
for the O — H bond (ca. 10 %), as would be expected, since the structure 
4 - 

CgHg—SH is probably less important than the corresponding structure in 
phenol. 

The P — H Bond, — The P — H bond in phosphine has a force constant 
•of 3*10 units. 

The F — H and Cl — Bonds. — ^The force constants of the F — H and 
Cl— H bonds are respectively 9*62 and 5*13 units. It will be seen that 
these fall into the series F — O — H, N — ^H, C — H (9-62, 8*35, 6-49 and 
4' 97 units) ; and Cl — H, S — H, P — H (5-13, 4*02 and 3-10 units). In all 
three cases available the ratios of the corresponding force constants in 
the first and second series are -within 3 % of 2-00. There is no indication 
of any marked change in bond type on passing from NHg to CH4 as might 
have been expected since HF, HgO and NH3 involve the heavy atom 
using ;^-orbitals, whereas in CH4 there is sp^ hybridisation. This suggests 
that in the series HF to CH4 there is a steady increase in hybridisation 
•of the s-orbital with the ^-orbitals in passing from HF to CH4, there being 
complete sp^ hybridisation in CH4. As against this the bond lengths in 
the series are : F — H, 0*917 ; O — H, 0-958 ; N — H, i*oi ; and C — H, 

Dennison, Rev. Mod. Physics, 1940, 175. 

22 Fox and Martin, Proc. Roy. Soc., A, 1937, 163, 419. 
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1-093 A. Here there is a much bigger change between NH3 and CH.^ 
(0-083) than between either HF and HgO (0-04) or HgO and NH3 (0-05), 

Xhe B H Bond, — Using the frequencies 2523 and 2625 cm.-i for a 

BHn grouping ^3 one finds that the B — H force constant to be 3-6 units. 
It is interesting that this constant continues the series F — H, O— H, 

H, C — H. The mean change for each step in this series is 1-55 units, 

and from the C— H to the B— H bond is 1*4 units. 

Summary. 

The force constant for a number of C — H, N — H and similar bonds 
have been calculated. It has been found possible to give a normal value 
for a given bond force constant and in most cases to account, in a con- 
sistent manner, for deviations from the normal value. 

Inorganic Chemistry Laboratory, 

University Museum, 

Oxford. 


GENERAL DISCUSSION^ 

Dr. M. M. Davies {Leeds) said : I should like to ask Dr, Simpson whether 
she has attempted to use the rotational fine structure observed by Adel in 
the 9*5 /i band to confirm the moments of inertia deduced from the electron 
diffraction results ? This would provide an important experimental check 
for the 127° value of the apical angle and for the electron-diffraction struc- 
ture as a whole, whose validity I feel is assumed to some considerable 
extent in Dr. Simpson’s conclusions. 

In Table II Dr. Simpson uses various criteria to compare the assign- 
ments which have been suggested : i.e. the equality between columns 6 
and 7 : between 8 and 9 : and the agreement in column ii with the electron 
diffraction value of the apical angle. But these are not independent 
criteria. Thus would it not be correct to say of the Penney-Sutherland 
assignment either that it is inconsistent to the extent of 25 %, or that it 
predicts an apical angle of 164'’ ? Apart from the electron-diffraction 
data, can the latter value be excluded ? 

Further, if one accepts Dr. Simpson’s assignments, winch certainly 
seem to give the best interpretation possible at present, there remains to 
be explained the abnormally large value of / — 15*98 x dynes /cm., 

which is of the order normally observed for triple bonds and is much larger 
than the force constant in O3 itself (11-3). It is difficult to see how a con- 
ventional interpretation of the electronic structure VI could account for 
the observed dipole moment. Any ad hoc assumption about the moment 
between the tetravalent and divalent oxygen atoms seems merely to corres- 
pond to an indirect assumption of the contribution of such forms as HI to 
the molecular structure. In such ionic structures as III would not the 
bonding force between the charged oxygens be raised above the double - 
bond value ? Thus, a reasonable combination of the structures III and, VI 
might well account both for the observed dipole moment and the large 
force constant. 

Miss D. M. Simpson {Cambridge), in reply to Dr. Davies, said : The 
band at 1043 cm.-^ as observed by Adel shows a very marked convergence 
of the rotational lines of the R branch while those of the P branch are 
spread out. It would be useless to attempt to analyse the fine structure 
unless both branches were free from interfering absorption. Even so this 
would not be easy, since the ozone molecule is an asymmetrical top. The 
most that I have been able to do is to show that the observed PR doublet 

23 Longuet-Higgins and Bell, 1943, 250, 

On the three preceding papers. 
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separation is in reasonable agreement with that calculated using moments 
of inertia derived from the electron diffraction data. 

The three frequencies of a triatomic molecule may be used to calculate 
uniquely two force constants and the apical angle. The most acceptable 
assignment is that which provides sensible values for the force constants, 
and an apical angle in reasonable agreement with the experimental figure . 
The self-consistency of the force constants or of the right and left hand 
sides of equation (i), using the observed value of the angle, gives an 
alternative method of assessing the adequacy of an assignment. 

Dr. Davies seems somewhat unhappy about the electron diffraction 
data. The published curves appear fairly convincing to a non-expert, 
and personally I feel that the proposed structure is not seriously at fault. 
Certainly it is justifiable to assume that the apical angle is greater than 
60°, which means that should have a doublet contour, and a, Q 
branch. Only four of the possible twelve assignments give the correct 
contour relationships, those of Adel, Penney and Sutherland, the present 
interpretation and 

= 1740 cm.”b V3 = 710 cm.-b V3 = 2105 cm.-^. 

The latter gives a calculated value of 116° for the apical angle, but appears 
somewhat improbable, as it makes the very strong band at 1043 cm.”^ a 
combination frequency. If the electron diffraction data are considered 
unreliable, the information available at present is insufficient to decide 
which of these assignments is correct. Such information would be supplied 
by determinations of (i) the contour of the 1740 cm.-^ band and (ii) the 
variation with temperature of the intensities of the 1043 cm,-^ and 710 
cm.'^ bands. 

I do not feel that I can accept Dr. Davies' explanation of the abnormally 
large force constant of the O — O linkage, A force constant of this magnitude 
would be associated with a bond length of about i^ij a., and I find it 
difficult to believe that the electron difir action value (1*26 a.) is in error to 
such an extent. 

Dr. W. G. Price {Billingham) said : Miss Simpson’s proposed frequency 
assignment for ozone implies that the two basal oxygen atoms are joined 
to apical oxygen by bonds of almost triple bond strength. This cannot be 
reconciled with any plausible electronic structure for the molecule. The 
only reasonable electronic structure for the above type of binding is the 
resonating single double bond structure occurring in sulphur dioxide and 
approximated to most closely by the force constants derived for the 
Penney -Sutherland frequency assignment. However, there is no such 
similarity between the electronic spectra of ozone and sulphur dioxiide 
as is invariably found between other groups of molecules -with related 
structure. As the acute angle structure seems also to have been eliminated 
we are left only with unsymmetrical linear or obtuse angle forms in which 
two atoms are joined by a triple bond and the third is attached by a weak 
bond of a type not encountered in the normal states of stable molecules. 
The analysis presented in the present paper certainly bxings out the 
necessity of a re-examination of the electron diffraction and infra-red 
results on the ozone molecule. 

Mr. H. G. Longuet Higgins (Oxford) (communicated) : Dr. Linnett 
has offered an explanation why some methane derivatives have C-H 
force constants smaller than methane, but has not accounted for the 
isolated case of nitromethane, whose C — H force constant is definitely 
larger than that of methane. 

Three main types of resonance structure are possible in methane deriva- 
tives : type (a) in which the H atom bears a 4- charge, type (b) in which 
the C — link is purely covalent, and type (c) in which the H atom bears a 
— charge. 

Type (a) would be expected to be most important in nitromethane, 
whose pseudoacidic properties independently suggest a contribution from 
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IV(a), whereas IV{^) is excluded by Pauling’s Adjacent Charge Rule. 
Typeic), on the other hand, would be expected to make most contribution 
in methylamine and methyl alcohol, where the (c) structures certainly have 
lower energies than the (a) ; this is supported by the small N — H and 
O— H force constants in these molecules. Methane will occupy an inter- 
mediate position. 

I(^^) H CH3 I(&) H—CHa He) H CHa 


11(a) H CH,=N^ 


n 


III (a) H CHo=0 H 


lY(a) H CH2=N^ 




O 


\ 


o 


/H 

11(6) H— CH;,— N<. 

+ /H 

11(c) HCHa=N<" 



III(6) H— CHo— 0— H 

III(c) H H 

+ yO 

IV(6) H— CH,— 

— 1- “ft y'U 

IV(c) 


So there are two possible interpretations of the facts : either we may 
suppose that (a) type structures increase the C — H force constant, as they 
contribute most to nitromethane, less to methane and hardly at all to 
methylamine ; or that (^) type structures decrease the force constant, as 
they contribute least to nitromethane, more to methane and most to 
methylamine. Either of these interpretations is sufficient alone, but they 
are not mutually exclusive. Both interpretations may be expressed by- 
saying that the C — force constant increases with increasing electro- 
positivity of the H relative to the C, 

Hence one may put forward the following generalisation ; ''The M — H 
Joyce constant for a given element M (=C, N, 0, S) and bond type, increases 
with increasing electropositivity of the H relative to the M in a series of mole- 
cules, and decreases with increasing electropositivity of the M relative to the 
HT This generalisation includes those established by Dr. Linnett for the 

+ 

loosening one observes on passing from M — H to M — 

Hitherto we have made no assumption about the direction of the C — H 
dipole, but if we suppose H to be electropositive to C as indicated by 
Pauling’s electronegativity scale, then the mutual reduction of the opposed 

+ “ •{- 

CH3 dipoles in ethane (due to the high energy of the state H CHg — CHa H) 
will lead to a decrease in electropositivity of the PI relative to the C which 
explains the observed lowering of force constant in ethane. 

Dr, M. M. Davies [Leeds) said : It may be worth emphasising that, as 
Dr. Linnett is probably well aware, the force constants in Tables I to VI 
can, at best, be regarded as accurate to the first decimal place. Besides 
the approximations involved in the simplified theory of the vibrations, it is 
frequently difficult to locate the origin of complex infra-red bands without 
high dispersion, whilst in Raman spectra a number of frequencies often 
occur in a narrow region and their exact assignment is uncertain. Thus 
even in the case of methane, where these practical difficulties are overcome, 
there remains a mean deviation of 0*07 nnits in the C — H force constant. 
One reason for this spread in the values is certainly that the anharmonicity 
factors have been ignored, 

In the interpretation of the results, reference to the possibilty of reson- 
ance with some appropriate electronic distribution is not always con- 
vincing. Such a solution is so generally available that, unless supported 
by independent emdence, it savours of a deus ex machina. 'An instance 
where it is probably justified is in accounting for the unusually high value of 
the acetylenic C — ^H force constant. The chemistry of these compounds 
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and the formation of their metallic derivatives indicates that the form 

■ ' + 

=C : H probably bas an important part in their structure : the ionic 
bond would be expected to raise the restoring force in the C — link above 
its normal covalent value. 

For many other cases (not included amongst Dr. Linnett’s molecules) 
differences of the order found cannot plausibly be explained by any elec- 
tronic changes in the bond concerned. In a large number of hydroxylic 
compounds intramolecular interactions, which are independent of concen- 
tration and are equally pronounced in the gaseous state as in solution, give 
rise to changes in the O — H force constant. These differences are found 
between the isomeric forms of the same molecule : . ortho-chlorphenol and 
benzoin might be mentioned as ty’pical examples. In such cases, where 
the O — H force constant may change by 0*25 units or more, the changes are 
due to an interaction of a predominantly electrostatic {i.e, dipole) nature 
between the oscillator concerned (O — H) and an adjacent group in the same 
molecule. Such simple dipole effects might well account for some of the 
present results — e.g. the influence of a carbonyl group on an adjacent N — 
bond. 

Dr. J. W. Linnett {Oxford) said : I agree with Mr. Longuet-Higgins 
that the force constant of an M — bond seems to depend on the charge 
distribution within the bond. Though the C — H bond in methane is the 
obvious standard to take, it probably does not have an even charge dis- 
tribution and zero bond moment ; and therefore other charge distributions 
must be related to this as -standard. Mr. Longuet-Higgins' explanation of 
the high C — H force constant in nitromethane as being due to the carbon 
atom being more electronegative than that in methane seems to me to be 
a likely one. The modified explanation of the CH, NH and OH force 
constants in methylamine and methyl alcohol seems very possible. The 
interpretation of the ethane case is interesting, though it must be remem- 
bered that double-bonded formulae involving hyper-conjugation have been 
suggested for this molecule from other evidence. 

It is also true that the large positive charge on the hydrogen atom in 
acetylene, as indicated by the formation of acetylides, may be a contribut- 
ing factor to the high force constant in acetylene in addition to the change 
in hybridisation. This point was raised by Dr. Davies. 

With reference to Dr. Davies' remark on the accuracy of the values of 
the force constants, no conclusions have been drawn in the present paper 
from changes in force constant of less than 0*1 of a unit. I agree with 
Dr. Davies' that force constants can probably be affected by the steric 
effect of neighbouring groups. I think I have probably avoided in the 
present series cases where such an effect might interfere {e.g. ortho-substi- 
tuted derivatives of benzene). 

Dr. G. K. T. Conn {Sheffield) {communicated) \ The specific values of the 
force constants obtained by interpreting the dynamics of a molecule in 
terms of a particular potential field, particularly a drastically simplified 
field such as that used by both Dr. Kellner and Dr. Linnett, must always 
be treated with reserve. The influence of factors such as anharmonicity 
and Coriolis coupling is obvious, but the values obtained are always to 
some extent a function of the field used. Dr. Baber and I have been 
engaged recently in some calculations on formaldehyde and deutero- 
formaldehyde which illustrate this. The most general harmonic function 
controlling the five planar frequencies of the YZXo molecule contains nine 
force constants. We have obtained two sets of values : {a) for H.CO 
and DjiCO using the observed frequencies, {b) using frequencies corrected 
for anharmonicity. The effect of this correction on the two important 
constants controlling stretching of the C ~0 and C — H bond is shown 
in Table I. 

The difference between the values is appreciable being of the order of 
8 %. Use of the Valence force field emphasises this. Since there are 
9 
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only four constants, separate values may be obtained for H^CO and D^CO, 
Moreover the C — H constant can be calculated both for the parallel group 

of three frequencies and the 
TABLE I. perpendicular group of two. 

The results, using the ob- 
served frequency values, are 
shown in Table II. 

Miss Simpson and Dr. 
Sutherland [Cambridge) and 
Dr. Thompson [Oxford] (com- 
mU 7 zicated) : Wo have for 
some time been engaged in 
the correlation and 
calculation of the 
frequencies of hy- 
drocarbon mole- 
c u 1 e s, and our 
results are not in 
agreement with 
those of Dr. Kellner. 
We would point out 
first that more ex- 
perimental data 
have been pub- 
lished than have 



[d). 

(6)' 

C=:0 
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13*2 X 10^ 

— 

Imaginary 

— 

1 

G— H . 

1 

4'0 X 10® 

4*3 

j 

Imaginary 
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apparently been employed by Dr. Kellner, and the agreements between 
calculated and observed values are not so striking when these data are 
included. More important, however, is the fact that we have available 
much unpublished data on hydrocarbons, which make the disagree- 
ments still more marked. We have established correlations between 
the structure and the spectra of hydrocarbons and the characteristic 
frequencies of certain groupings are not reproduced by Dr. Kellner's treat- 
ment. On the other hand, application of the usual valency force field, 
which does not ignore angle deformation forces, as Dr. Kellner has done, 
gives good agreement with the experimental figures in many cases. We 
hope to publish at least some of these results in the near future. 


1 J. W. Linnett, /.C.P., 1938, 6, 692. 

^ G. B. Bonino and R. Manzoni Ansidea, Proc. Ind. Acad. Sci. A, 1938, 8, 405. 
® E. J. Rosenbaum, A. von Grosse and H. F. Jacobsen, J.A 1939, 61 , 689 
^E. J. Rosenbaum, J.C.P., 1941, 9, 295. 

^ E. J. Rosenbaum and H. F. Jacobsen, J.A.C.S., 1941, 63, 2S41. 

«R. S. Rasmussen, 1943, ii, 249. 

T. P. Wilson, J.C.P., 1943, II, 369. 


THE INFRA-RED SPECTRA OF FLUORINATED 
HYDROCARBONS. I. 

By P. Torkington and H. W. Thompson. 

Received, 22nd November, 1944. 

The anomalous properties of fluorine as a member of the halogens are 
well known. A problem of current interest is the nature of carbon-fluorine 
links. Many partially or fully fluorinated hydrocarbons have been pre- 
pared in recent years, and it is remarkable to find that replacement of 
hydrogen by fluorine often leads to a large lowering of the boiling point. 
No satisfactory explanation of tMs at present exists. It has also been 
found that whilst compounds with a single fluorine atom attached to 
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carbon can be hydrolysed without great difficulty, the introduction of a 
second fluorine atom on the same carbon atom leads to far greater stability 
and resistance to hydrolysis. 

The infra-red spectra of fluorinated hydrocarbons may provide another 
source of information about these compounds, either by giving values 
for the molecular vibration frequencies from which some idea can be 
obtained about the force constants of bonds ; or by indicating with the 
simpler molecules the most satisfactory values for moments of inertia 
and bond lengths. 

We have measured the infra-red absorption of a number of partially 
and fully fluorinated paraffins, olefines, naphthenes and aromatic hydro- 
carbons, as well as those of some related compounds containing long carbon 
chains, such as polyvinyl fluoride. This paper deals with fluorinated. 
ethyleiies and related compounds, Raman spectra of many fluorinated 
and mixed halogenated hydrocarbons have been recorded, and some have 
been correlated by Glockler.i 

Experimental Method. 

The compounds examined were supplied by I.C.I. (General Chemicals) 
Ltd., and had been prepared as follows. 

Vinyl Fluoride. — ^Ethylene dibromide was converted by treatment with 
alcoholic potash into vinyl bromide, from which 1.2.2 tribromo ethane 
was obtained by addition of bromine. Treatment vdth a mixture of 
antimony fluoride and antimony pentachloride led to 1.2 dibromo 2 
fluoro ethane, which was then treated wdth zinc in alcohol. The product 
was distilled through a low temperature still, with B.Pt. — 70° C. 

Vinylidene Fluoride. — ^Methyl chloroform was fluorinated by treatment 
with anhydrous hydrogen fluoride under pressure, forming i chloro i . r 
difluoro ethane, which was purified by distillation. Pyrolysis in a platinum 
tube at 750° C. gave vinylidene fluoride. Hydrogen chloride was removed 
by scrubbing through water, and after drying with calcium chloride, the 
product was distilled through a Podbielniak, with B.Pt. — 86° C. 

1 . 1 Fluorochloroethylene. — i fluoro i , i dichloro ethane was pre- 
pared by fluorination of methyl chloroform with hydrogen fluoride. This 
was pyrolysed at 750° C. and the product distilled through a Podbielniak, 
vdth B.Pt. — 25° to — 26° C. 

Tetxafliuoro ethylene. — Chloroform was converted into chlorodifluoro- 
methane by means of antimony pentachloride and antimony trifluoride, 
and the product was pyrolysed. The tetrafluoroethylene obtained was 
then distilled through a Podbielniak column, with B.Pt. ~ 78° C. 

1 . 1 Dichloro 2 . 2 difluoro Ethylene. — ^This was obtained by removal 
of hydrogen chloride from i . i difluoro 1.2.2 trichloro ethane. B, Pt. 
19" C. ' 

The spectra were measured between 3-20;i., using a Littrow spectro- 
meter of high resolving power - for the region 6-14/t, and an improved 
Hilger D 88 instrument with quartz (3-3*5 fluorite (3-7 /x) or sylvine 
(14-20 /a) prism. The absorption cell was 20 cm. in length and several 
pressures of vapour were used so as to bring out the features of particular 
absorption bands. The pressures used are shown on the diagrams as 
mm. mercury on each curve. 

Results and Discussion. 

The spectral absorption curves are shown in Figs. 1-5, Raman data for 
I . I dichloro 2 . 2 difluoro ethylene have been given by Hatcher and Yost.® 

^ Gloclder and Leader, /, Chem. Physics, 1940, 8, 699. 

- Whiffen and Thompson, J,C,S. (in press). 

® J. CJiem. Physics, 1937, 5 » 992- 
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Unfortunately tlie Raman spectra of the fiuorinated ethylenes could 
not vet be measured since they are gaseous at normal temperatures. 
Without these additional data, assignment of magnitudes to the funda- 
mental vibrational modes is difficult, and we can be guided only by 



(i) the correlation of band contours with plausible molecular dimensions, 

(ii) the intensities of bands, (iii) the application of selection rules where 
some symmetry exists, (iv) parallelism with related molecules, for example 
between vinyl fluoride and the Other vinyl halides. 


^<500 2090 /floo Iboo 1400 1200 . JjOO 2800 2400 2000 1800 1600 1400 

Fig, i?.-~»Viaylideiie Fluoride. Fig. 4. — i.i Dichloro 2. a Difluoroethyleu®. 
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The bond lengths in some of these compounds have been determined 
by electron diffraction. Brockway * found that whereas the C — link 
has a length close to 1*41 a. in methyl fluoride and fiuorochloromethanes 
containing only one fluorine atom, this bond shortens to 1*36 a. if two or 
more fluorine atoms are attached to the central carbon atom. He also 

suggested that in these compounds the angle Cl — C — Cl is rather greater 

than F — C — -F. Now on passing from chlorinated paraffins to the simple 
chlorinated olefines, the C — Cl bond appears to shorten by about 5 %. 
Thus in methyl chloride it is 1*76 a., but in vinyl chloride and vinylidene 
chloride it is 1*69 a. 

If we assume that there is a similar effect on passing from the saturated 
to unsaturated fluorinated hydrocarbons, the C~F bond length in vinyl 
fluoride vdll be taken as about 1-36 a. Assuming then for vinyl fluoride 

j'cH == I -08 A., rcG = 1*34 A., roF = 1*36 A., with HCH = 120° and H — C — F 

= 112°, C — C — F = 124°, the moments of inertia will be approximately 13, 
80 and 93 X 10"'*® g. cm. 2. The molecule will therefore approximate to 
a symmetrical ro- 
tator, with least 
axis of inertia 
inclined at about 
30° to the C=C 
bond. In Badger 
and Zumwalt’s 
nomenclature/ 
p = 5*4 and 
5 = — 0 - 95 , 
and using that 
of Gerhard and 
Dennison » ^8=5*6. 

The " parallel 
type bands will 
have three sub- 
maxima, the outer 
pair about 27 
cin.-^ apart, with 
the central peak 

fairly weak. The perpendicular” bands will have a strong central 
peak flanked by shoulders. Some of the bands will be hybrid if the 
change of electric moment has components parallel to more than one 
of the principal axes of inertia. There are twelve normal modes, the 
general forms of which have been described elsewhere for the analogous 
case of vinyl chloride.' The contour of several of the absorption bands 
(Fig. i) is striking. Thus, those at 715, 732 and 860 cm.-^ are clearly 
perpendicular in type, and that at 1153 cm.-^ has a parallel type’ 
contour. The band with sub-maxima at 910-926-937 appears to be 
a hybrid. It seems unlikely that any of these bands or that at about 
500 cm.“^ could be explained by any combination or difference. Six 
frequencies are thus fixed, to which will be added the three C — H 
stretching modes, two C — deformations and the C=C stretching mode. 
The C — H stretching frequencies can be taken as = 3080, '= 3110, 

and = 3135 j that due to the stretching of the C = C bond as 1650 
cm.-^ where there is a strong infra-red band with roughly parallel type 
contour and which is not interpretable as a combination. The other 

*/. Physics. Chem,, 1937, 41 » 747- 

^ J. Chem. Physics, 1938, 6, 711. ^Physics. Rev., 1933, 43, 197- 

^ Thompson and Torkington, Proc. Roy. Soc., in press ; J.C.S., i944j 303 - 
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two freqii6iici6S 3.re less es-sily fixed., but the most plausible values are 130b 
and 1393 cm.-h A possible allocation of all these magnitudes to the 
particular geometrical forms of vibration is shown in Fig. 6, together 
with values previously suggested for the other vinyl halides. 

These correlations 
involve several un- 
expected results. 
Thus, in passing from 
vinyl chloride to vinyl 
fluoride there is a 
marked drop in the 
frequencies of three 
deformational modes 
n ;; i+W V associated with C — H 

bonds. V4 and are 
r n connected with bend- 

Fig. 0. ing motions out of 

the molecular plane, 

giving perpendicular type bands, and no other assignment than that 
given seems satisfactory. The drop in vg is most surprising. It is, however, 
mo.st improbable that this vibration could be associated with the intense 
band at 1153, and the planar CH2 rocking mode vg might indeed give the 
type of hybrid found at 924 cm.-h Other considerations support the 
identification of 1153 with the C — stretching mode. For example, in 
passing along the series CtlgX, CHg — CHg — X, CHg = CH — ^X, in which 
X is a halogen, there is a uniform variation of the C — X stretching fre- 
quency, the \dnyl derivatives having a value somewhat gi'eater than that 
of the methyl compound.® 


X = 

Cl 

Br 

I 

CH3X 

712 

594 

522 

CH3CH2X 

655 

557 

497 

CH3 : CH . X 

722 

610 

535 


Oil this basis, the C — F frequency in vinyl fluoride might be expected 
to exceed its value in methyl fluoride, which is about 1049 cm. In 
^other monofluoro halomethanes it is about 1060 cm.-i. On the other 
hand if this interpretation is correct, it is peculiar that the other C — H 
rocking frequency v, increases in value in going from vinyl chloride to 
vinyl fluoride. A possible alternative w’‘ould be to assign 1153 to and 
to attribute the hybrid nature of the band at 924 to a superposition of the 
C — F stretching frequency vg with the CHa deformation vg. This seems 
unlikely. The small increase in the C=C stretching frequency compared 
with other vinyl halides should be noted. 

The array of fundamentals and combinations is listed in Table I. 

The spectrum of vinylidene fluoride is shown in Fig. 2. Of the twelve 
normal modes, all except the twisting vibration can appear in the infra-red 
as fundamentals.’ The band at 801 cm.-^ shows five sub-maxima, and 
provides a good example of the C-type contour predicted by Badger and 
Zumwalt,® and associated Avith a change of electric moment perpendicular 
to the plane of the molecule. This frequency is certainly connected with 
the bending of the CH^ group out of the plane of the molecule. It is lower 
than with vinylidene chloride (S72), in the same way that it fell in passing 
from vinyl chloride (895) to vinyl fluoride (732). The very strong band 
at 1730 cm.-i is connected with the C=C bond stretching vibration. A 
Raman interval of 1735 cm.^^ as well as an infra-red band of the same 
frequency is found with i . i dichloro 2 . 2 difiuoro ethylene, as discussed 
below, and in vinylidene chloride, the presence of the two chlorine atoms 
does not affect the C=C bond stretching frequency by more than a small 

® Kohlrausch, " The Raman Effect." 
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TABLE I, — Vinyl Fluoride. 


cm."^ 


ii4o\ 
1166 j 


500 

715 

732 

860 

924 

1153 


1220 


1323/ ^ 
i34o\ 
1363 J 


1393 

1425 


1560I 

1585/ 


1572 


interpretation. 

fundamental 

fundamental 

fundamental 

fundamental 

fundamental 

fundamental 
500 + 715 
fundamental 

(860 -f 500) 

fundamental 
f2 X 7x5 
^500 4- 924 

715 + 860 


cm.“^ interpretation. 


i 634\ 

1664/ 

1773I 

1800/ 


1650 

1790 


20664 
2083 / 


1842 

2074 


fundamental 

860 4- 924 
2 X 924 

1153 + 924 


2294 

2463 

2558 

2793 

3080 

3110 

3135 


2 X 1153 
^^53 -F 1306 

/ 1393 + 1153 

4 1650 -j- 924 
/2 X 1393 
\1650 4- 1153 
fundamental 
fundamental 
fundamental 


amount. Although in principle possible, it is unlikely that any overtone 
or combination could give rise to such intense absorption as that shown 
by the strong band at 1730 cm.-^ with vinylidene fluoride, The only 
other possible value for this frequency would be 1600, another strong 
infra-red band. This is improbable; not only is 1600 adequately ex- 
plained as the harmonic of 801, but also, none of the bands at higher 
frequencies can be explained as combinations involving 1600. Moreover, 
the value 1730 for the C~C stretching frequency falls into line with other 
results given below. 

The assignment of the remaining frequencies of vinylidene fluoride 
is less obvious, but the most likely possibility is that the two C — stretch- 
ing frequencies lie at 921 and 1295 cm.-^. Both are very strongly ab- 
sorbed, the latter being the most intense band found. 921 would be the 
symmetrical and 1295 antisymmetrical mode. This assignment 

implies that the symmetrical CF^ stretching mode has a band with the 
three branch contour, which would involve a change of electric moment 
parallel to the least axis, and this would have to lie along the C=C bond. 
If Ave assume for the molecular dimensions r^Q = 1*34 a., = 1*08 a,, 

^cp = 1*36 A., and F — C — F~ 116°, the moments of inertia are 77, 89 
and 166 X 10-^® g, cm.®, Avith the least axis at right angles to the double 
bond. Interchange of the least and middle axes could not be aclueved 
by shortening the C=C bond, but only by a shortening of the C — F bonds, 

or diminution of the F — C — ^F angle, or both. Since a large decrease in 
the angle is improbable, some shortening of the link must occur. It wmuld 
/\ 

be satisfactory if the F — C — ^F angle Avere reduced to 112° and the C — F 
bonds shortened to about 1*30 a. 

The positions of the bands are given in Table II, Avith possible inter- 
pretations. From the contour found, Ave might associate 680 with a 
planar rocking mode, and 557 with the symmetrical deformation of the 
CF2 group, but Avithout the Raman data it is impossible to be more definite. 

The spectrum of i fiuoro 1 chloroethylene is shoA^n in Fig. 3. Here 
most of the bands will be hybrids and the contours are not A'-ery helpful, 
but several facts emerge. Thus the band at 835 has a well-defined C type 
contour, and can be associated with the out-of -plane bending of the CHg 
group. This value falls into line with the data on related molecules as 
follows : 


CH. 

C CL 

S72 

CH. 

C CIF 

835 

CH2 

CF, 

801 
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Here again, therefore, introdncton of fluorine leads to a drop in the bending 
frequency of the other end of the molecule. The very intense band at 
1189 cm.-^ is attributed to the C — stretching mode, corresponding to 

TABLE II. — ^VlNYLlDENE Fluoride. 


cm.“^ 

inteypretation. 

cm 

interpretation. 

544I 



1203 


559 

>•559 

? fundamental (A) 

1230 


569 J 

612 


(C) 


fundamental (B) 

662 



1370 


677') 

6851 

>680 

? fundamental (B) 

1403 

1420 


780] 



1600 

2 X Sol 

795 



1730 

fundamental 

801 

^801 

fundamental (C) 

1862 

945 + 921 

808 


1894 

2 X 945 

820^ 



2227 •=( 

r 1295 + 921 

910I 

1 


1^1295 +>945 

921 

1 

fundamental 921 (A) 

2632 

1730 + 921 

935 

f 

? fundamental 945 (B) 

2920 


954^ 

1 

3055 

fundamental 

1122 

1 


3085 


1133 

(■1133 

fundamental (A) 

3140 

fundamental 


1143. 


TABLE III. — Fluoro-chloro-ethylene. 


1x53 in vinyl fluoride. The hybrid band at. 693 may be due to the C — Cl 
stretching vibration, corresponding to 724 in vinyl chloride. The C=C 

stretching frequency 
occurs at 1645 cm. 
corresponding to 
1650 in vinyl fluoride 
and 1610 in vinyl 
chloride. This again 
confirms that intro- 
duction of fluorine 
for hydrogen causes 
an increase in the 
C=C stretching fre- 
quency, but the 
effect is not so big 
with a single fluorine 
atom attached to 
carbon as it is with 
two. The band at 
516 cm.-^ may be 
connected with the 
deformation of the 
C — F bond, and that 
at 945 (937-953) with 
a planar CHg rocking 
mode found at 925 
with vinyl fluoride 
and 1030 in vinyl chloride. The symmetrical and antisymmetrical stretch- 
ing frequencies of the CH2 group are probably 3055 and 3140 cm.-i. 
Further assignments are at present impossible, but the positions of the 
bands are given in Table III. 

The spectrum of i . i difluoro 2 . 2 dichloro ethylene is shovui in Fig. 4. 
Hatcher and Yost ® found the following Raman displacements : 255 (6), 
435 (7). 454 (i). 562 (6), 622 (4). 648 (2), 883 (i), 1027 (2), 1123 (i), 1735 (6), 


Cm.~i. 

era.-!. 

Cm.'-i. 

50O 

XI19 

1643 

516 V516 

530J 

1140 

18S3 

621 


1898 



2020 

693 

1280 


707 

1297 

2120 

8231 

1328 

2310 

835 V835 

850J 

1347 

2565 


1383 


937 


2825 

953 

1405 

3015 

1015*1 

1025 V1025 

1529 

3055 

1037J 

I54S 

3140 
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1. 1. Dichloro 2.2 Difluoro Ethylene. 


1976 (^). The twelve vibrations of this molecule fall into four groups ; 
eleven vibrations are permitted in the infra-red as fundamentals, and five 
should be polarised in the Raman spectrum. The five polarised Raman 
frequencies will be associated with the symmetrical stretching of CFg 
and CCI2 groups, the symmetrical deformations of these groups, and the 
stretching of the carbon-carbon double bond. There are five strong Raman 
lines at 255, 435, 562, 622 and 1735. These cannot, however, be the 
five polarised fundamentals, since we shall take 1735 as the C=C stretching 
mode, and the C — F stretching frequency must exceed 622. Mere intensity 
is therefore not a guide to polarisation in the Raman effect. 255 can be 
confidently assigned to the 

symmetrical deformation of TABLE I v . 

the CCI2 group, which has 
a value 295 in vinyiidene 
chloride. As regards the 
strong Raman interval 1725, 
corresponding to the strong 
infra-red band at 1730 
cm. this must be assigned 
to the C— C stretching fre- 
quenc}^ Apart from the 
correspondence between the 
two spectra here, there is 
no other infra-red band 
between 1500-1900 cm.-^ 
which could be assigned to 
this vibration. We find 
again therefore, as with 
vinyiidene fluoride, that 
when two fluorine atoms 
are attached to the double 
bond, its stretching fre- 
quency is markedly in- 
creased. Other coincidences 
between Raman and infra- 
red data are 562/570, 

622/630, 648/650, S83/881, 

1027/1028, 1123/1130. The 
most satisfactory interpre- 
tation is to allocate 622 to 
the symmetrical CCI2 
stretching mode, 435 to 
the symmetrical CFa defor- 
mation, both being strong 
in the Raman effect. The 
outstandingly intense infra- 
red bands lie at 1315, 990 
and 1028 cm.-h Of these 
1028 and 1315 are assigned 
to the symmetrical and 
antisymmetrical stretching 
modes of the CFg group. 

It will be noticed that the former is comparatively weak in the Raman 
spectrum, and this seems to be true for C— F bonds in other monofluoro 
derivatives. In vinyiidene fluoride the two CF2 group stretching fre- 
quencies were taken as 921, 1295. The infra-red band at 570, correspond- 
ing to the strong Raman displacement of 562, appears to have a marked 
central Q branch, which may indicate that it is an out-of-plane bending 
motion of the CFg group. The infra-red band at 88 r may be due to the 

9 * 


Cm,' 

Raman. 

-1 

Infra- 

red. 

Interpretation. 

^55 


fundamental 

435 


fundamental 

454 


fundamental 

562 

570 

fundamental 

622 

630 

fundamental 

648 

650 

fundamental 


770 

S14 

841 

1028-255 

8S3 

880 

fundamental 


906 

950 

(2 X 454). {650 4 - 255) 


990 

570 + 435 

1027 

1028 

fundamental 

1123 

1130 

1170 

(2 X 570). (880 + 255) 


1220 

570 + 650 


1285 

(630 + 650), (I02S + 255) 


1315 

fundamental 


1423 



1470 

1730 - 255, 


1500 

883 -f- 620 

1735 

1730 

fundamental 


1920 

1028 880 


1955 

/1315 H- 680 

1976 


\1730 -(- 255 


2050 

2 X 1028 


2160 

2430 

2490 

2570 

1730 -f 435 


2640 

2 X 1315 


2760 

2860 

2950 

1760 -f 102S 


3040 

1730 -f 1315 
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cm.~i type of contour, cmr 


type of contour. 


? C 
? C 


? C 
? C 


fundamental A 


fundamental B 


antisymmetricar CClg stretching mode, which, lies at 794. with vinylidene 
chloride. 

On this basis most of the combinations and overtones can be interpreted 
as in Table IV. The two missing fundamentals are the twisting mode and 
a planar rocking mode, and values cannot be determined for these. If 

TABLE V.-Tetrafluoroethylkne. ^Spectively, 

other combinations could 
be explained, but there 
are insufficient data to 
justify this. 

The spectrum of tetra- 
fluoroethylene is particu- 
larly interesting, not only 
in connection with C — F 
links, but also because of 
the difficulty of analysing 
the corresponding data 
with ethylene and tetra- 
deuteroethylene. Unfor- 
tunately only five of the 
twelve fundamentals are 
permitted to appear in 
the infra-red spectrum, 
and no first overtones 
are allowed, so that in 
the absence of Raman 
data there is little hope 
of fixing many of the 
fundamentals at present. 
It may, however, be 

possible from the values 

of a few of these to use 
a normal co-ordinate treatment from which rough values of the others can 
be inferred. The spectral curves are shown in Fig. 5 and the bands are 
listed in Table V. The fundamentals fall into groups like those of ethylene. 
In the infra-red the following will be allowed : 

Bflu C — ^F stretching 

CFa deformation 

Change of electric moment parallel to C=C bond 
Bau C — ^F stretching 

CFa rocking 

Change of electric moment perpendicular to C=C bond 
Biu CFa bending 

Change of electric moment perpendicular to plane of molecule. 


552^ 

559 X559 

567J 

600 

620 

6551 
666 >666 
676 j 
697 . 

720 
799*1 
807 

815J 
868 " 

876 
886 ^ 

903 " 

910 I 

949 1 
956J 

981 ^ 

990 J 

1035 


■807 


■876 


■gio 


952 

9S5 


1070 

1125 

1157 

1179I 

1186 }-ii86 

1195J 

1459 

1521 

1550 

1607 

1724 

1880 

1952 

2000 

2100 

2140 

2280 

2420 

2510 

2655 

3040 

3185 


Assuming for the molecular dimensions = i‘06 a., ?'oo = I'34a., 

== 1*30 A., F — C — ^F = 112°, the moments of inertia are about 146, 
259 and 405 X io-'*o, and the molecule is an asymmetrical rotator with 
least axis along the double bond and major axis perpendicular to the 
molecular plane. In Badger and Zumwalt's terminology, the B^a vibra- 
tions will have A contour, the will have B contour and the Bm band 
C contour. The A contour will be three sub-maxima with outer spacing 
about 16 cm.“\ the B contour a pair of maxima 9-10 cm.-^ apart, and the 
C bands will have a central peak with side branches 18-20 cm.-i apart. 

The bands observed can be seen to fall very well into the three classes 
expected, and the spacings of the sub-maxima agree roughly with those 
calculated. The assignment of fundamentals is ,not, however, clear 
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The C — F stretching modes will have the highest frequencies, and should 
not exceed say 1400 cm.“i. There are at least hve A type bands below 
this value, three B bands and several C bands. The allowed fundamental 
bands will include tw^o A bands, two B and one C band. Perhaps 'the 
best guide is that the bands at 1186 and 1340 cm."^ are extremely in- 
tense and far stronger than any other bands in the spectrum. Although 
intensity alone is no certain indication of a fundamental, it seems certain 
that 1186, an A band, is the C — stretching frequency; and 1340, 

a B band, the Pgu C — 1? stretching fundamental. No other fundamental 
can be definitely fixed, although 559 may be the Fgu CFg deformational 
mode. The C=C stretching mode will be inactive either as fundamental 
or overtone, and the band at 1724 must arise from a combination. On 
the other hand several of the bands above 1800 cm.-^ can be explained as 
combinations with a frequency of about 1730 rather than with a lower 
magnitude. Before any further progress can be made it will be necessary 
to have Raman data from which some of the low frequencies can be obtained. 

In spite of the incomplete assignments, several points emerge from the 
comparison of these compounds. Most striking is the increase of the 
C=C stretching frequency when two fluorine atoms are attached to the 
carbon atom. Thus : 


CHa : CHg 

1626 

CHg : CFg 

1730 

CH2 : CHCl 

1610 

CCI2 : CF, 

1730 

CH2 : CHF 

1650 

CFs : CF, 

? 1730 

CHo : CFCl 

1645 



CHa ; CCI2 

1620 




The decrease in the out-of -plane bending frequency of the CHg group 
when fluorine is attached to an adjacent carbon atom may also be relevant 
in this connection, for this must arise from some effect transmitted through 
the double bond. It is also interesting that the rotational contour of some 
of the bands is better explained if there is some shortening of the C — ^F links. 

The other striking feature is that bands connected with C — F stretching 
vibrations are very strong in the infra-red. As pointed out above, these 
vibrations do not seem to be so strongly excited in the Raman effect as 
the symmetry and selection rules might lead us to expect. More sig- 
nificant is the result that with compounds containing the CFa group the 
pair of C — F stretching frequencies are at least several times more intense 
in the infra-red than the C — ^F band of compounds containing the CF 
link. The intensity of these infra-red bands is connected with the rate 
of change of electric moment during the vibration. It would therefore 
appear that compression or extension of C— F bonds leads to an unusually 
large change of electric moment, particularly with compounds containing 
the CFa group. Similar results have been found with other fluorinated 
hydrocarbons to be discussed later. 

Summary. 

The infra-red spectra of vinyl fluoride, vinylidene fluoride, i chloro 
I fiuoro- ethylene, i . i dichloro 2. 2 difluoro ethylene, and tetrafluoro- 
ethylene have been measured. The band contours have been correlated 
with the molecular structure, and attempts have been made to assign 
magnitudes to the normal vibration frequencies. Peculiarities have been 
noticed in these spectra, particularly with compounds containing the 
CF2 group, which seem to be connected with changes in electronic structure 
consequent upon the introduction of fluorine atoms. 

Our thanks are due to I.C.I. (General Chemicals) Ltd. for the fluorinated 
hydrocarbons, and to the Government Grant Committee of the Royal 
Society for a grant in aid of apparatus. 
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GENERAL DISCUSSION. 

0 r. W. G. Price (BilUngham) said : I should like to put forward a 
suggestion that a considerable reduction in the resonance effect between 
the halogen and the ethyleiiic bond accompanied by an increase in the 
oppositely directed inductive effect is the cause of the differences which 
are found between the fluorine and the other halogen substituted ethylenes. 
The extent of the resonance effect depends on the smallness of the difference 

between the energies of the states HgC^CHX*' and HaC — CH=X:^, 
The variation in this difference from halogen to halogen depends largely 
on the difference between the ionisation potentials of the lone pair halogen 

.. "r 

electrons and the double bond orbital of C==X* . Now the ionisation 
potentials of the lone pair electrons are roughly 9, lo and ii volts for I, 
Br and Cl respectively.^ For fluorine no accurate data are available but 
it is doubtful if it is less than 16 volts. The ionisation potential associated 
with a carbon-halogen double bond probably only suffers half this increase 
because of sharing with the carbon atom. Thus it probably requires con- 
siderably more energy to lift the fluorine lone pair into the carbon-halogen 
double bond than is required for the other halogens. The consequent 
reduction in resonance effect accompanied by an increase in inductive 
effect due to the greater electronegativity of fluorine results in a smaller 
electron density in the neighbourhood of the far carbon atom with corres- 
ponding lowering of CH valence and deformation frequencies as indicated 
in the article by J. W. Linnett (This symposium). 

Dr. Thompson said : I think that the interpretations suggested by Dr. 
Price for some of the peculiarities found -with the fluoriiiated ethylenes are 
essentially sound. As regards the intensity of the bands, it is important to 
remember that this is determined not so much by the actual molecular 
electric moment as by the rate at w^hich this moment changes. 

I may draw attention to one interesting correlation of the data on 
fiuoroethylenes with the force constants calculated by Dr. Linnett in the 
earlier paper. He found a diminution in the force constants of C — H 
bonds when fluorine is attached to carbon. This falls into line mth the 
decrease found in some of the frequencies of bending of C — H bonds in the 
fluoroethyienes. 

^ R. S. MulHken, J. Chem. Physics, 1935 onwards. 


T 


THE INFRA-RED SPECTRA OF COMPOUNDS OF 
HIGH MOLECULAR WEIGHT. 

By H. W. Thompson and P. Torkington. 

Received mnd November, 1944. 

Many methods are at present being used to explore the reasons for 
the differences in physical behaviour of various types of polymers, plastics, 
rubbers and other compounds of high molecular weight. The peculiar 
rheological and electrical properties of many of these substances must be 
connected with the internal molecular structure and with the way in 
which the molecules can pack together in the solid and liquid states. 
Valuable information has already been obtained using the diffraction of 
X-rays, and some chemical methods have also given useful indications 
of the nature of the polymerisation processes. The determination of 
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molecular weights and chain lengths of fibre-like polymers has also led 
to important correlations. No method, however, has provided all the 
information which might enable ns to formulate rules correlating pro- 
perties with structure. 

It is clear that any method will have advantages which can examine 
the sample without the use of chemical reagents, and from this standpoint 
spectroscopy should be useful. The infra-red absorption spectra of sub- 
stances of this type consist essentially of bands which correspond to tl^e 
absorption of characteristic vibration frequencies of the whole molecule, 
or of particular units within it. Since, theoretically, no two molecules 
having a different nuclear skeleton have the same set of vibrational fre- 
quencies, we may expect small differences between the spectra of closely 
related molecules, and a careful analysis of the vibrational spectra may 
reveal the occurrence of special groups, or the arrangement of the nuclear 
skeleton ^vithin these molecules. For this analysis reference data from 
the spectra of simple related molecules may first be required. Apart 
from giving such fundamental structural information, however, the infra- 
red spectra can be used empirically for many practical purposes. Small 
differences in the properties of samples of the same polymer can some- 
times be correlated empirically with small differences in their spectra. 
The effect of different plasticizing or vulcanizing agents, leading for 
instance to cross-linking, can also be explored by spectral changes. On 
the fundamental side too, it is valuable from the standpoint of molecular 
dynamics to assemble data on long chain polymeric substances as a basis 
for the calculation of the \nbration frequencies of these molecules as sys- 
tems of weighted chains. If the molecular dynamics could be understood 
more completely, it might prove a useful adjunct to the consideration of 
thermodynamic properties. 

We have recently surveyed the infra-red spectra of many compounds 
of high molecular weight belonging to different classes, partly to develop 
the experimental methods for examining these substances, but also to 
discover the type of information which can be obtained, and the most 
profitable lines for a more systematic attack. Papers describing some 
of the work are at present in the press, ^ and other detailed accounts will 
shortly be published. Tliis article summarises typical measurements 
and results on a variety of compounds and is intended to illustrate the 
broad principles of tliis spectroscopic approach. ^ 

Most compounds of this type are usually examined in the solid state. 
Some can be obtained as thin films by rolling or cutting ; these are 
measured as such. In order to bring out all the features OJ the spectrum 
several thicknesses of a given substance are desirable. The optimum 
thickness for different types of substance varies considerably. With 
essentially non-polar materials it may vary from o*i mm. to several mm., 
but with other substances it may be necessary to have films thinner than 
0-005 mm. Coherent films of many substances can be conveniently 
made by the evaporation of solutions from the surface of water or mercury, 
or from a heated glass plate, although in some cases it is difficult to remove 
the solvent completely. With other compounds it may be more satis- 
factory, and it is sometimes essential, to evaporate solutions on a hot rock 
salt or bromide plate, lea\dng an irregular solid layer ; this method is 
suitable for the study of very thin layers of incoherent materials. Liquids 
are measured in a cell of the conventional type, and molten solids using 
a cell of the kind described in a previous paper. ^ Some solid powders 

1 Parts I and II, Proc. Roy. Soc. in the press ; see also J.C.S. ,1944, 

2 See also Sears, J. Appl. Physics, 1941, 12, 35. Stair and Cobleutz, J, Res, 
Nat. Bur. Stand., 1935, 15, 295. Williams, Physics, 1936, 7, 399. Wells, 
J. Appl. Physics, 1940, ii, 137. Barnes, Liddel and Williams, Ind. Eng. Chem. 
Anal. Ed., 1943 15, S3. 

^ R. E. Richards [preceding paper). 
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have been studied by spreading them between rock salt plates moistened 
with carbon tetrachloride or a high boiling paraf&n. 

One important group of compounds is the class of hydrocarbon-type 
polymers, parts of the spectra of some of which ap shown in Fig. i. For 
some time it was thought that the polymerisation of ethylene to form 
polythene " gave a product having an uninterrupted straight chain of 
methylene groups. The infra-red bands of polythene in the region of 
3^, where frequencies corresponding to the stretching vibrations of C — H 
linkages are absorbed, led Fox and Martin ^ to suggest that some methyl 
groups must be present. Polythene has relatively few absorption bands 

between 3“20/x. Reference 
to the spectra of paraf&nic 
hydrocarbons enables us to 
identify most of the vibra- 
tions. Thus the band at 
1460 cm.-i is connected 
with def ormational 
motions of the methylene 
(CH2) groups, and that at 
725 cm. with a vibration 
of the long carbon-carbon 
chain. The band at 1375 
cm.-^ lies at the position 
characteristic of the sym- 
metrical deformation of a 
methyl ^oup, and this 
provides independent con- 
firmation of Fox and 
Martin’s earlier conclu- 
sion. By careful measure- 
ment of the optical den- 
sities and calibration of 
this methyl group band in 
branched chain paraffins, 
an estimate of the content 
of methyl groups can be 
made, and is found to be 
roughly one methyl group 
per fifty methylene groups. 
The feebler bands in the 
spectrum of polythene are 
less easily explained. One 
interesting feature how- 
ever is the weak absorption at about 1720 cm.-^, indicating > CO groups. 
These could arise if oxygen were taken up during the catalytic polymerisa- 
tion ; their presence at intervals along the carbon-carbon chain may 
markedly afiect the electrical properties of the substance. On the other 
hand it is possible using ether or xylene to extract from polythene samples 
of lower molecular weight which may be rich in the ketonic material, and 
there is obviously scope for further work on this. 

Polyisobutene also has a simple spectrum. The band at about 
1485 cm.”^ is connected with the def ormational vibration of methylene 
groups, but it lies at a rather higher frequency than is usually found with 
parafiSns (1460 cm.-^). The symmetrical deformation of the methyl 
groups appears to be double (1370-1400 cm.-’-) and there is no obvious 
explanation for this, although it seems to occur with many parafdns 
having a pair of methyl radicals attached to the same carbon atom. The 
hands of polyisobutene near 1200 cm.-^ and 950 cm.-’- are almost certainly 

^ Pyoc. Roy, Soc,, A, 1940, 175, 208. 
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C 

I 

due to \dbrations of the distorted carbon tetrahedron — C — C — C — present 

I 

C 

ill the chain, and whilst exact calculations cannot yet be made, com- 
parison with values for the vibration frequencies of such systems of C— C 
links suggests that there may be a slight weakening of the bonds in poly- 
isobutene. The packing of methyl groups is known to be difficult in this 
case, and might well lead to strain and weakening of the carbon-carbon 
bonds. 

The spectrum of a sample of Buna 85 made by the sodium-catalysed 
polymerisation of i . 3 butadiene is also shown in Fig. i. This polymer- 
isation can proceed by either i . 4 addition giving 

— CH3— CH = CH— CH2— CH2— CH = CH—CHa— 

or by I . 2 addition, giving 

— CHs— CH—CHa— CH— 

I I 

CH CH 

II II ' 

CHa CH2 

or by a combination of these processes. There are important structural 
differences in the two t57pes of condensate. Thus, the former contains a 
recurring skeleton of the type RiGH=CH . Rg and the latter of the type 
R . CH=CH2. From measurements on the infra-red spectra of some 
simple olefines ^ we recently found a rule for differentiating between 
compounds of the type 

(i) R . CH^CHs ; (ii) RiCH=CH R^ ; (iii) RiR^C-CH^ 

in which R is an alkyl radical. Compounds of class (i) have two intense 
bands at about 909 and 990 cm.''^, those of class (ii) have a strong band 
at about 965 cm. and those of class (ii) ; a similar band at about 890 cm. 
Compounds of the type RiRgC =CHR3 were found to have a band at 
about S40 cm. “i, though few compounds of this type have been examined. 
These characteristic frequencies are associated with deformational modes 
of C — H bonds attached to the C=C bond. The correlations were used 
originally in connection with the spectra of cracked polythenes, where 
the appearance of compounds of the isobutylene class (iii) provide further 
evidence for the occurrence of side chain alkyl groups. Since this work 
was done, Rasmussen and Brattain have reached similar conclusions from 
measurements on a much larger series of olefinic hydrocarbons.® 

The spectrum of Buna 85 shows intense bands at 909, 965 and 990 cm. 
indicating that both i . 2 and i . 4 addition has occurred, and estimates 
can be made of the relative extent of each type. There is also the char- 
acteristic vibration frequency of the C==C bond at about 1650 cm.-h 
The pair of bands at 1435 and 1460 cm.-^ is probably connected with two 
slightly differing CHg deformations, such as might occur from the types 
— CHa — and =CH3. The pendent vinyl groups revealed by bands at 
909, 990 cm.-i may be expected to disappear if subsequent treatment 
leads to the formation of cross linkages. 

Crepe rubber, which consists essentially of a recurring skeleton 

CH3 

I 

— CHa— C = CH— ^CHa— 

shows the infra-red bands to be expected. Thus, there is that due to the. 
C—C oscillation at 1645 cm.-\ the CHg deformational mode at X460 cm.-^ 

® [Private communication.) 
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and ihe CH3 deformation at 1375 cm.-i. The band at 840 cm.-i cor- 
responds to a tri-alkyl olefine as explained above. Crepe rubber also 
has a band near 600 cm. and this spectral region is of interest with 
treated or vulcanized rubbers. In hydro-rubber the C~C oscillation has 
disappeared, and the band at 735 cm. is similar to those found \vith some 
simple paraffins with a methyl group attached along the chain. 

Two samples of methyl rubber have been examined, made respectively 
by the slow polymerisation of 2 . 3 dimethyl butadiene in sunlight and by 
sodium. The curve of Fig. i relates to the former, although no definite 
difference could be established between the two products. Here again, 
polymerisation could proceed by i . 4 addition, giving 

CH3 CH3 CH3 CH3 

— CH2— <!>=C— CHa— CHs,— CH.i— 
or by I . 2 addition giving 

CH3 

— CH3— C— 

LcHs 

II 

CH, 

or by a combination of both. The infra-red spectrum suggests the oc- 
currence of both types of condensation. Thus the band at S90 cm.-^ 
indicates that the isobutylene structure resulting from i , 2 addition, 
and as with Buna 85 the composite nature of the absorption at 1440-1460 
suggests that two kinds of CHg deformation occur, presumably from the 
— CHa — and =CH2 groups. There is no characteristic band of the tetra- 
alkyi olefine t3rpe RiRgG^CRgRi, but the pair of bands at 1645, 1690 
cm.-^ would agree with the presence of two types of C=C link. Com- 
pounds of the type RiR2C=CH2 would have absorption at about 1645 
cm. and although no infra-red data are available for comparison, the 
Raman frequencies of alkyl olefines ® suggest that with tri- or tetra-alkyl 
derivatives the C=C bond frequency lies higher at 1680-1690 cm.-^. The 
methyl group deformation again appears intense at 1375 cin,-^ 

Many of the bands in the spectrum of polystyrene are common to simple 
aromatic hydrocarbons with one alkyl side chain. The intense absorption 
at about 760 cm.-'i is similar to that found with isopropyl benzene. Sub- 
stantially, the spectrum would agree with a simple head to tail condensation 
giving 

— CH--CH2~CH— CHa— 

II 

C,H. C.H5 

Insufficient data are yet available to decide whether some head to head 
condensation occurs, giving 

— CHg— CH CH— CHs—. 

II 

CeHj C,Hs 

Polystyrene has a band at 1380 cm,-^, however, which xnight indicate 
the presence of methyl groups, formed by inclusion in the chain of the 

CH3 

grouping — C — , This cannot, however, be regarded as proved, since 
CsHs 

® Hibben, “ The Raman Effect.’’ 
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tlie band in question may be due to a combination or overtone 
frequency. 

In Fig. 2 the spectra of several monomers related to the above polymers 
are shown. The important practical result is that the spectrum of a 
polymer always shows marked differences from that of its monomer, and 
this often provides an easy means for following the rate of a polymerisation 
process, or for the determination of small amounts of resjidual monomer 
in the polymer. 

Another immediate problem is whether the lengthening of a long 
chain polymeric system 
produces changes in the 
‘Spectrum, from which 
an estimate of the chain 
length can be made. This 
does not seem very prom- 
ising. Samples of poly- 
isobutene having mean 
molecular weights be- 
tween 1000 and 100,000 
showed no significant 
change in the spectrum. 

Indeed the spectra of | 
lower normal paraffins g 
suggest that when there | 
are more than about ten | 
carbon atoms in the chain 
the spectral differences ^ 
are very slight. Some S 
differences found in the “ 
spectra of polythenes with ^ 
molecular weights 1000- 
13,000 appear to have 
arisen from the presence 
of varying amounts of 
substances other than the 
polythene chain itself. 

Fig. 2 includes the spectra 
of samples of squalene (I) 
and dihydromyrcene (II) 
which seemed interesting in this connection as being closely analogous 
to a 6-unit and 2-unit rubber, respectively. 



10^0 1703 lfr(50 ISM KCO (300 1200 tiCQ (OOO <^0 &0O 
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Fig. 2. 
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CH, 


CH, 


CH3— C-CH— CH2— VCHa— C = CH— CHJ,— \CHa~CH=C^H 


u 


CH;, 


( 11 ) 


CHa CH_ 

CH,— CH.— 


CH,— C=CH- 


CH3 

— CHj— CH = C— CH, ; 
:CH . CH, 


There are some marked similarities between the spectrum of squalene 
and that of crepe rubber, but several important differences. The band 
with squalene at 982 cin.-^ is not easily explained and until the purity of 
the squalene can be established a more detailed consideration is unjustified ; 
it may be noted, however, that some trimethyl ethylenes ’ have a band 


’ G. P. Harris, unpublished data; see also Barnes, Lid del and Williams, 
Ind, Eng. Chem. Anal. Ed. 1943, 15, 659. 
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at about 980 cm. -b and this may therefore arise from the end groups in 

squalene. , ^ 

There is no doubt that the sample of dihydromyrcene examined had 
become oxidised, as revealed by the band at about 1720 and the 

broad background absorption in the region of 1100 cm.-i. This latter 
region of absorption has been found with oxidised polythenes and oxidised 
rubbers and will be considered later in connection with the spectra of 
esters, ketones, aldehydes and other oxygenated compounds. 

The method described above for determining the proportions of i . 2 
or I , 4 addition in the polymerisation of butadiene or alkyl butadienes 
can be applied to other processes to determine the mechanism of inter- 
polymerisation. Thus, when butadiene is condensed with acrylonitrile, 
straight chains might be formed of the type 

_CH2— CH=CH— CHa— CHa— CH— CHa— CH-CH— CHs— CHg^CH— 


CN 


CN 


which will have the intense band at 965 cm.-^, or pendant vinyl groups 
may remain, as in the structure 

— CHg— CH—CHa— CH~ 

(!h An 

II 

CH, 

giving rise to the bands at 909, 990 cm. In a previous paper ^ we have 
described a sample of Perbunan in which the bulk of the condensation 
had proceeded by i . 4 addition, but in other samples of butadiene- 
acrylonitrile interpolymer variations seem to occur. Exactly similar 
considerations can be applied to Buna S, the interpolymer between 
butadiene and styrene. If the factors which cause any particular 
type of addition to be preferred can be ascertained in this way, an im- 
portant advance will be made in our understanding of the polymerisation 
reactions. No general rules about this are so far apparent. Samples of 
butadiene polymerised under different conditions and with very different 
chain lengths appear to show a roughly constant ratio of i . 2 to i . 4 
addition. On the other hand this ratio varies appreciably among the 
different chemical interpolymers. The chemical nature of the polymerising 
components should have some effect on this ratio, and it seems unlikely 
that it can be determined by purely statistical considerations. 

Another immediate problem is the determination of head to head or 
head to tail addition in the polymerisation of vinyl compounds. Thus, 
the compound CH2=CH — X may lead to 

— CH2— CH— CH2— CH— CH~-CH— CH2— 

1 I or 11 

XX XX 

It seemed possible that a comparison of the spectra of the polymers with 
those of other compounds such as X . CHgCHaCHaX or XCHaCH^X 
would throw light on this. Fig. 3a shows the spectra of polyvinyl acetate' 
polymethyl acrylate and polymethyl methacrylate with those of the 
corresponding monomers. The absorption of these polymers is far more 
intense than that of the non-polar hydrocarbon-type substances, and the 
spectra are more complex. In analysing the spectra a first step was to 
decide which bands are primarily concerned with oscillations within the 
side chain radicals, and which involve motions of the weighted carbon 
chain. In polyvin5d acetate we should expect the side chains to be 

« J , C , S „ 19441 597 - 
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— O — C — CH3, and in the acrylates — C — OCH3. We have therefore 


measured the spectra of a large number of esters and ketones of which 
the most important in this connection are those containing one of the 
following structures : . 


R 

1 

R 

1 

R 

1 

CHs 

1 

0 

1 

0 =C— 0— CH3 

1 

0 =C— CH3 

-U 

1! 

0 


methyl ketones. 

acetates. 

methyl esters. 



Fig, 3a. 


Detailed results will be given elsewhere, but several features are relevant 
here. Thus, methyl ketones with the exception of acetone have an 
intense band at 595 cm.-^, whereas other ketones have no analogous 
band. Acetates have an intense pair of bands at about 610. 635 cm.-’- 
not found with formates or esters of higher fatty acids. These low fre- 
quencies are presumably connected with motions of the 

C— C— CHa or O— C— CH3 


skeleton. Formates have an extremely intense absorption at about 
1200 cm.“h which is paralleled in the acetates by a band at 1245 cm.“\ 
and these vibrations are probably controlled by a motion within the 
skeleton 0 =C — O — C. There is a similar strong band with many alkyl 
-ethers® at ii 20-1 140 cm.-^, and with some aryl alkyl ethers and an- 
hydrides at about 1240 cm.-h so that this region of absorption may be 

® Unpublished data ; see also Barnes, Liddel and Williams.’- 
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associated mainly with the — C — O— C — part of the skeleton, modihecl in 
some cases by the contiguous carbonyl group. 

Polyvinyl acetate has bands at 6io, 635 cin.~i associated with the 
acetate side chains ; in agreement with the above, polyinethyl acrylate 
and methylacrylate show no such bands in this region. All these polymers 
show intense absorption in the region of 1150-1250 cm.~h since all have 
the modified ether linkage. This region of absorption is more complex 
with the acrylates than -with polyvinyl acetate, and it is worth noting 
here that the same result is found with methyl esters of higher fatty acids, 
which would be expected on the basis of structure to be more closely 
analogous to the acrylate polymei-s with, the structure E. — C — OCPI3. 

II 

■ O 

All the polymers show the characteristic carbonyl group absorption at 
1720-1730 cm.-^, and the deformatioiial vibration of methyl groups at 
about 1375 cm.-b In polyvinyl acetate this latter band seems relatively 
more intense than with the acrylates ; in the former case the methyl 
group is attached to carbon and contiguous to the carbonyl group, and in 
the latter it is attached to oxygen. In polymethyl methacrylate the 
band due to the methyl group deformation seems to split, with com- 
ponents at 1370 and 1380 cm.-^; this polymer contains two kinds of 
methyl group, whereas the other two polymers contain only one. The 
bands at about 1445 cm.-’^ are connected with CH^ group deformations, 
and that at 1480 with polymethyl methacrylate may also arise from 
another unsymmetrical CH3 group deformation which is absent -with the 
other two polymers. There are some interesting differences with these 
polymers in the frequencies of the C — stretching vibration bands be- 
tween 2900-3000 cm. All the polymers show a feeble band at about 
1630 cm.-^ ; whether this is due to the presence of residual monomer, or 
to some unexpected type of condensation, is not clear. 

Condensation of vinyl acetate may lead to skeleton units of the type 

CH CHa— CH— — CHo—CH ci-i—CU — 

'll II 

O O or 00 


0 =C— CH. 0 =C— CH, 


0 =C— CH, 0 =C— CH, 


and condensation of methyl acrylate to 
— CH,— CH CH,— CH— — CH,— CH CH— CH,— 

I I or I I . 

0 =C— OCH, 0 =C— OCH, P=C— OCH, 0 =C— OCH, 

For reference, the spectra of compounds such as diacetyl glycol, di acetyl 
trimethylene glycol, isopropyl acetate, methyl isobutyrate and methyl 
succinate, are required. A number of these compounds have been ex- 
amined, but the data are still not complete enough to provide unambiguous 
conclusions. On the other hand there is a marked parallelism between 
the spectra of polyvinyl acetate and isopropyl acetate (Fig. 3&), and a far 
greater similarity between those of polymethyl acrylate and methyl iso- 
butyrate than between that of polymethyl acrylate and any other relevant 
esters which have been measured. This may imply that the predominant 
type of condensation is head to tail. 

Similar comparisons have been made betw^een the spectra of polyvinyl 
and polyvinylidene chloride and those of simple chlorinated paraffins ; 
and some structural correlations have been deduced. Here too, however, 
more reference data are required. A related problem arises with the halo- 
thenes made by chlorination of polythene. Continued chlorination leads 
to well-marked changes in the spectrum (Fig. 4) . Thus, as the percentage 
of chlorine increases, the band at 722 cm.-^ connected vfith the long 
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carbon-carbon chain vibration diminishes in intensity, and when about 
50 % of chlorine by weight is present this band has entirely disappeared. 
This band is known to appear with chains of four or more carbon atoms. 
Taken together these facts give some suggestions about the distribution 
of chlorine atoms along the 
chain, but allowance must 
be made for the simultan- 
eous chlorination of the 
methyl groups. The band 
at 1375 connected with the 
methyl groups also weakens 
as the chlorination proceeds, 
and that at 1460 cm. "^asso- 
ciated with a CHa group 
deformation also weakens 
slowly. As with simple 
chlorinated paraffins this 
methylene group deforma- 
tion is lowered if a chlorine 
atom is attached to a neighbouring carbon atom, and in the halothenes 
bands appear at 1440 cm.-^ and lower frequencies in addition to that at 
1460 cm.-^. The latter disappears when the percentage of chlorine is 
such that there are effectively no undisturbed methylene groups. From 
correlations with the spectra of simple chlorinated paraffins it may be 
possible to get more exact ideas about the distribution of chlorine atoms 
along the carbon chain. It is interesting to notice that the vibrational 
spectra of polyvinyl chloride and poly\dnylidene chloride are different 
from those of halothenes with the same percentage of chlorine by weight. 

The infra-red spectra of Neoprenes — ^polychloroprenes — also reveal 
differences in samples made under different conditions of polymerisation, 

and although the struc- 
tural dijfferences have not 
yet been fully elucidated, 
it is useful from the 
theoretical side to com- 
pare the course of the 
pol5?merisatioii of chloro- 
prene with that of buta- 
diene, isoprene or similar 
substances. 

Other features of inter- 
polymerisation can also 
be conveniently studied 
in this way. When, for 
example, butadiene and 
a vinyl derivative such as 
st5nrene or acrylonitrile 
form an interpoiymer, it 
may be desirable to have 
a quick and certain 
method for the estimation of the proportions of the components which 
are combined in the product. With Buna S, the butadiene-styrene 
interpoiymer, phenyl groups can be estimated from their absorption 
at 760 cm.-F and with the butadiene-acrylonitrile polymers such as 
Perbunan, Hycar, or Butaprene, the cyanide group can be estimated 
from the band at about 2250 cm.-^. At present the main experimental 
difficulty in this work is the preparation of films of known thickness, 
and it may be necessary in practice to use an internal standard for 
control of this, such as the absorption of some characteristic unit such as 
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a methylene group. If in some interpolymerisation process, each com- 
ponent independently polymerises, the separate polymers can often be 

detected in the final mixture by means 
of their characteristic absorption bands. 
When varying amounts of propylene are 
allowed to polymerise with ethylene in 
the formation of a polythene, the take- 
up of propylene can be followed by the 
absorption of the bands due to methyl 
groups, as well as by changes in the 
spectrum of the product. The spectra 
of some typical interpolymers are shown 
in Fig. 5. 

The spectra of other compounds of 
high molecular weight are shown in 
Fig. 6. There are two important differ- 
ences between that given here for poly- 
vinyl alcohol and the curve given by 
Barnes, Liddel and Williams.^® These 
workers found two fairly strong bands 
at 1240 and 1740 cm.“h which must 
have been due to acetate groups remain- 
ing in a product made by the hydrolysis 
of polyvinyl acetate. The band at 1740 
cm.-^ due to carbonyl groups is not de- 
tectable in our curve, but the feeble 
band at about 1240 cm.”^ may imply 
a small amount of polyvinyl acetate im- 
purity. As explained above, this is the 
most intense band in the spectra of 
acetates. Although polyvinyl alcohol 
has relatively few absorption bands, cor- 
relation with the molecular structure is 
difficult. Comparisons have been made with the spectra of ethylene 
glycol, isopropyl alcohol, trimethylene glycol, butane i . 4 diol and similar 




substances. The results are not very convincing, though there is some 
similarity with isopropyl alcohol, which might imply the structure 

Ah oh 

Barnes, Liddel and Williams 
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On the other hand, the similarity with trimethyl glycol is not so obvious . 
The band at about 1100 cm,-^ with polyvinyl alcohol is certainly connected 
with the hydroxyl group, and that at about 1430 with a deformation 

of C — H bonds. The broad region of absorption from about 700 cm. to 
lower frequencies has been found with other oxygenated hydrocarbons and 
some oxidised hydrocarbon polymers ; its exact significance is unknown, 
but methyl alcohol has a broad absorption band in this region. Other 
features suggest that a small amount of residual water was present in the 
sample of polyvinyl alcohol, which was a film made by evaporation of an 
aqueous solution from a heated glass plate. Thus the band at about 
1650 cm.-^ might be due to adsorbed liquid water ; if it were connected 
with a C— C bond formed by loss of water during the heating in preparing 
the film, we should expect to find another strong band due to the olefinic 
part of the skeleton formed, probably at 965 cm.“^ and none is observed. 
The broad band between 3000-3400 cm.~i seems to imply some O — H 
interaction such as hydrogen bonding, though here, too, the true spectrum 
may be masked by residual water. 

Nylon 66 has also been measured, not only because of its intrinsic 
importance, but also in relation to other work on the infra-red absorption 
of amides, amino acids and proteins. The most striking feature of the 
spectrum is the displacement of the carbonyl group band from its usual 
position at 1720-1740 cm. to about 1630 cm. This occurs with amides 
in general, and must arise from some form of interaction between the 
carbonyl and NH groups. Several interpretations have been discussed. 

In the case of nylon hydrogen bonding of the tj^e — C =0 H — — 

may be formed by interaction between units in difierent chains or within 
the same chain. Pauling has suggested that in the case of amides, reson- 
ance may occur between ionic structures localised in the — CO — ^NH — 
part of the skeleton. Much of the absorption by nylon between 1200-1700 
cm.“^ must be due to vibrations of the — — CO — ^NH — C — part of the 
structure. The broad bands in the region of 3100-3300 cm. also suggest 
that the N — H bonds are subject to interactions or electronic influences 
which lead to abnormal stretching vibration frequencies. If the bands 
in the region of 3 ft and 6/x are examined in greater detail it may be possible 
to get more information about this molecule. 

A comparison of the spectra of poly-esters and poly-ester-amides with 
that of Nylon is also interesting. With Nylon, a condensate from adipic 
ester and hexamethylene diamine, there is the fundamental unit 
— COICHJ^— CO— NH— (CHjjje— NH— . 

In the poly-esters, such as that formed from adipic ester and ethylene 
glycol, there is the unit 

—CO (CHa) 4— CO— O— (CHa) 2 — 0 —. 

In this case the carbonyl frequency is found at its normal position, and 
there is the customary intense ester band at 1100-1200 cm.-^. Here, 
too, the bands in the region of 3000-3400 cm.-^ connected with C — ^H 
stretching vibrations, and possibly with end groups, are informative. 
Similar points emerge from the spectra of poly- ester-amides, where both 
the normal carbonyl group frequency and that diminished by an adjacent 
NH group arise. 

Another type of compound which lends itself to infra-red examination 
is that formed by the condensation of a phenol or cresol with formaldehyde. 
Fig. 6 shows the spectrum of a Novolac resin made from phenol and formal- 
dehyde. In this condensation several possible structures can be formed. 
A simple union of the molecules, with loss of water, may lead to the chain 


OH OH OH OH 



Hibben, " The Raman Efiect ; see also ref. 
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bnt para linking may also occur leading to units such as 


OH< 


OH 

CH.,- 


■r 

CH.> 


OH 

I 


II. 


I 


III. 


\ / 

in. 
( ■ 
IV. 


It seemed possible that if reference data were available from the spectra 
of substances such as cresols, xylenols, hydroxy and dihydroxy diphenyl 
methanes, and ihonoalcohols of the cresols, some structural correlations 
might be obtained, and this has already been confirmed. Thus, benzene 
has a very strong absorption band at 671 cin.**^ which has been assigned 
to a vibrational mode involving the motion of the 6-carbon ring as a rigid 
unit through the plane of the six hydrogen atoms. When a single sub- 
stituent is attached to benzene, such as OH, NHg, NHCHg, N(C2H5)2, 
Cl, OCHg, or an alkyl radical, the benzenoid frequency shifts to 740-760 
cm.~h If two such substituents are present the exact value of this fre- 
quency depends not so much upon their chemical nature as upon their 
relative position — ortho, meia or para. With ortho compounds it is at about 
740-750 cm.~^, with meta at 770-790 and with para at 810-830 cm. 

The data with xylenols suggested that in trisubstituted benzenes the 
corresponding vibration still persists, and that its frequency may be 
determined primarily by the arrangement of the substituents in the 
1.2.3, 1-2.4 I- 3-5 positions. Comparison with the spectra of 

other trisubstituted benzenes show that a useful fairly general rule can 
be set up, that 1.2.3 compounds have an intense band at about 760-770 
cm.-\ 1.2.4 compounds at 800-815 cm,-\ and 1,3.5 compounds at 
825-835 cm.”^. Although there axe some limitations to this rule, the 
data already suggest some regularities among the radicals which do not 
conform. 

Applying these arguments to the spectrum of the Nov'olac resin shown 
in Fig. 6, the two bands at about 760 and 820 cm. are particularly im- 
portant. If the resin had contained a simple chain shown above as I, the 
bands in this part of the spectrum should correspond to those of ortho cresol 
and 1.2.6 xyleiiol. The benzenoid frequency of the former was at 
about 752 and of the latter at about 762 cm.”h Either of these skele- 

ton units could therefore account for the Novolac band at 760 cm. but some 
other nuclear structural arrangement must give rise to the band at 820 
cm.'-i. A satisfactory interpretation would be to assume that the resin 
contains some para substituted nuclei, which could either be II or III. 

Thin solid films of 2 hydroxy 
5 methyl benzyl alcohol (V) 
have a strong band at about 
815 cm.^h and the para hy- 
droxy diphenyl methanes 
(2.4' or 4 . 4^) have bands 
at about 820 cm.-^. Group- 
CHs ings of the type IV are prob- 

ably absent from the resin, 
5 substitution have an intense 
of which the resin shows no sign. 


OH 

1 


-CHoOH 


V. 


CH. 



-CH2OH 


VI. 


since benzene derivatives with 1.2.3 
benzenoid ” band at about 850 cm.-h 
Similarly, the i . 2 . 4 . 5 skeleton can be excluded, since 2 hydroxy 4 . 5 
dimethyl benzyl alcohol (VI.) has the intense benzenoid " band at 855, 
5 ethyl pseudocumene at 870 and durene at 865 cm. -^. 

Ingold and others, 1936, 971. 

Whiffen and Thompson, J.C.S. (in the press). 
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.The strong band with the Novolac at 1200 is connected with 

vibrations involving the hydroxyl groups, and other bands can be related 
to characteristic oscillations of the aromatic nucleus . T he broad hy droxylic 
absorption at about 3300 is also informative, but these details are 

left for detailed consideration elsewhere. 

Fig. 7 shows the spectra of three typical cellulose materials. 
Cellulose acetate and aceto.butyrate have the carbonyl group absorption 
at 1740 cm.-h which is absent in the cellulose ether. The latter has a 
very intense band at about 1100 cm.-^ which was connected above with 
the ether linkage — C — O — C — . Both acetate and acetobutyrate have 
similar intense absorption 
between iooo>i250 cm.-^ 
connected with the 

R2. — G — O — 2 
! 

o 

part of the structure. The 
small differences in. this 
region between the two 
esters is noteworthy. 

Cellulose acetate has the T 
strong methyl band at i 
1375 cm.~^, but when. % 

butyrate radicals are in- « 
troduced other C — H de- 
formation frequencies o 
appear at about 1415 and ^ 

1460 cm."i. The varia' ^ 
tions in position and in- ^ 
tensity of some of the 
bands in the region 3800- 
3600 cm.-i with the 
diherent celluloses are 
very important, since 
these are connected with 
C — H and O — stretch- 
ing vibrations and from 
them we may determine 
residual hydroxyl groups 7 - 

and the extent of hydrogen bonding. 

Some general considerations affecting infra-red measurements with 
large molecules must now be mentioned. For example, some of the 
Correlations which have hitherto been made between vibrational spectrum 
and structure have been arrived at by comparing the spectra of substances 
in different states of aggregation. Measurements now show that such 
comparisons must be made cautiously, for the spectrum of a substance 
may change very strikingly when it changes its physical state. Displace- 
ment of vibration bands on passing from vapour to liquid have long been 
known, particularly in comparing Raman data for Hquids with infra-red 
data on the corresponding vapours ; and it is well known that band con- 
tours with vapours may be entirely absent with the liquids. The marked 
changes, both in wavelength and intensity, of vibration bands on passing 
from liquid to solid which have recently been observed with compounds 
of very different chemical nature are surprising. In the same way the 
spectrum of a pure liquid has been found to differ from that of a dilute 
solution in ways which must arise from causes other than intermoiecuiar 
association or hydrogen bond formation. There are possible theoretical 
reasons for these changes in both the frequencies and intensities. For 
example, in the case of a long chain molecule in the solid state, not only 
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may the potential energy function in the solid lattice become altered upon 
melting, leading to shifts in frequencies, but also the internal molecular 
shape may change and lead to changes in the selection rules or factors 
which determine the relative intensities of bands. 

Such changes in spectrum with solid and liquid have been found with 
compounds like the cresols and xylenols, but also with long chain paraffins. 
Usually the bands are sharper and more numerous wi#:h the solid. The 
pair of sharp peaks with pol37thene at about 722 cm.~^ becomes a single 
broad band with liquid polythene waxes, as it is with the lower straight 
chain paraffins. These changes may have significant implications. For 
instance, the two feeble bands of polythene at 1080 and S90 cm. appear 
to vary in relative , intensity in samples of polythene for which X-ray 
work has shown different ratios of crystalline and amorphous material. 
If melting leads to the twisting and interweaving of long chains such 
differences in the relative intensity of bands may arise. 

Another promising line of attack is the use of polarised infra-red radi- 
ation for the study of oriented long chain polymers such as polythene, 
nylon, and protein materials. The spectra of the sample with the oriented 
chains successively parallel or perpendicular to the plane of polarisation 
of the incident radiation, might be expected to show differences from which 
information could be obtained about the disposition and orientation of 
polar groups along the chain. Some measurements on this effect have 
already given promising results. 

Again, with rubbery materials, it has been suggested that differences 
in physical behaviour may be related to the proportions of sol and gel 
in the material. It is therefore interesting to compare the spectra of the 
sol and gel. Unfortunately the experimental difficulties in preparing films 
of gels suitable for examination are often great. 

A more fundamental question is the mathematical treatment of the 
vibration frequencies of long chains or weighted ring systems. Although 
some approaches have been made, little progress has so far been achieved. 
Before any detailed treatment is possible more reference data are required, 
and the present survey may indicate some ways in which these may be 
used. 
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from many firms who supplied samples for examination, particularly 
I.C.I. (Alkali) Ltd., I.C.I. (Dyestuffs) Ltd., I.C.I. (Plastics) Ltd., Messrs. 
Courtaulds and Messrs. Bakelite Ltd. Our thanks are also due to the 
Chemical Research Laboratory, Teddington, for certain pure chemicals, 
and to Dr. E, H. Farmer for squalene and dihydromyrcene. Many of the 
correlations obtained from paraffinic, aromatic and certain olefinic hydro- 
carbons have been derived from a joint programme of work with Dr. 
G. B. B. M. Sutherland and others. 

We are also grateful to the Government Grant Committee of the Royal 
Society for a grant in aid of apparatus. 
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SOME INFRA-RED STUDIES ON THE VULCAN- 
ISATION OF RUBBER. 
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The two most effective ways of altering the physical and mechanical 
properties of natural rubber are vulcanisation * and the addition of carbon 
black. There is, however, little understanding of the structural changes 
brought about by these processes, in spite of extensive research by chemical 
and physical methods. For instance, in vulcanisation it is not yet decided 
how the sulphur atoms are incorporated in the rubber polymer, what 
proportion are in bridges formed between the isoprene chains, whether such 
bridges are formed by — C — S — S — C — or — C— S — C — links, whether 
one double bond is broken for each sulphur atom incorporated and so on. 
An ancillary problem is the effect of certain '' accelerators ” on the speed 
of vulcanisation about which even less is known. Again in the case of 
reinforcement of rubber by materials such as carbon black there is contro- 
versy on the structural relationship' of the carbon black and the rubber. 
Until such structural problems have been solved on the molecular scale 
there is little hope of controlling the macroscopic properties of rubber 
compounds in a truly scientific manner. This paper gives a preliminary 
account of the application of infra-red spectroscopy to some of these 
problems. 

The spectra of the following types of materials have been obtained with 
a prism spectrometer of good resolving power between 2 and 18^ : — 

{a) natural rubber, 

( 6 ) natural rubber 4- sulphur before 

,, ,, -{- sulphur -f- accelerators/" curing,"* 

(c) Same as {h) after " curing "" for various periods, 

(d) natural rubber -f carbon black -f- sulphur -f accelerators (uncured 

and cured). 

The results are described in sections corresponding to this classification. 
The rubber and rubber compounds were generally examined in the form 
of thin films (approximately i /20 mm. thick) which were evaporated from 
benzene solution on clean glass or water surfaces. In a few cases the 
films were cut from bulk material using a microtome. 

The Spectrum of Natural Rubber. — The infra-red absorption spectrum 
of natural rubber has been investigated by several authors who have 
covered the range from i to 14111. In the present work the spectrum has 
been examined het-ween 2 and i8jx, wdth improved resolving power. 
Fig. I shows a percentage absorption curve for a thickness of rubber of 
0-05 mm, and is in good agreement with the earliest spectrum recorded, 

* The words vulcanisation and curing are -used synonomously throughout 
this paper. 

^ Stair and Coblentz, J. Research Nat. Bur. Standards 1935, 15, 295. 

Williams, Physics, 1936, 7, 399. 

® Williams, J. Chem. Physics, 1936, 4, 460. 

^ Williams and Taschek, J. App. Physics, 1937, 49^- 

^ Sears, J. App. Physics, 1941, 13 , 35. 

^ Barnes, Liddell and Williams, Ind. Eng. Chem. (Anal.), 1943, 15, 83. 

■^Barnes, Liddell and Williams, ibid., 1943, 15, 659. 

® Williams and Bale, J. App. Physics, 1944, 15, 585. 
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viz. that due to Stair and Coblentz. Increased resolving power has en- 
abled ns to establish some of their weaker bands more definitely ; we have 
also detected a new weak band at 4*98/x. 

Agreement with the results of some of the other authors cited above is 
less satisfactory, but, when due allowance has been made for possible 
errors in wavelength determination, the remaining diifierences can all be 
accounted for by oxidation which gives rise to intense new bands at ap- 
proximately 3*0, 5*8 and 9*75/^- These additional absorptions have been 
found by Stair and Coblentz in the spectrum of heavily oxidised rubber, 
and have been confirmed by other work in this laboratory.® 

In addition to the band at 4*98/^ the present work has revealed a 
new wide absorption band in the rubber spectrum extending from i6*6 to 

I7-7/X. 

Spectra of Uncured Natural Rubber Mixes containing Sulphur and 
Various Accelerating Agents. — Rubber may be vulcanised by heating 



Fig, I. — -The infra-red spectrum of natural rubber containing small amounts of 
proteins, fatty acids, etc. 


(curing) with sulphur alone, but the time required is greatly reduced and 
the properties of the vulcanised material improved by the addition of small 
quantities of various materials. Accelerators may be of the basic oxide 
type {e.g. litharge and lime) or of the organic type (e.g. mercaptobenzp- 
thiazole * and Santocure f). It is also found that ZnO acts as an activator 
for the organic accelerator. Furthermore, stearic acid is known to enhance- 
the activity of ZnO, when the latter is acting as an accelerator activator. 
The compositions of the first series of mixes investigated are shown in 
Table I, being chosen to cover the most important cases just enumerated. 
The spectra of the first and last of these mixes are shown in Fig. 2. 


® Harding and Sutherland, io be published shortly. 

Cf. Chemistry and 'Technology of Rubber, by Davies and Blake. Monograph 
of Amer, Chem. Soc., 1937, Reinhold. 


* Structural formula 




f The structural formula of Santocure is 
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Comparison of these spectra with those of pure natural rubber (Fig. i) 
•and of mixes A2 and A3 (not reproduced) revealed the following facts ; 

(а) The presence of sulphur in unvulcanised rubber causes no new bands 
in the rubber spectrum ; 

(б) The presence of Santocure causes a new band to appear at I3*3 ju.. 

(c) The presence of stearic acid with sulphur and associated acceler- 
ators causes a new band to appear at 6-52/1,. 

TABLE I. 


(Mixes are conventionally described as x parts by 
weight of added material per 100 parts of natural rubber.) 


Mix 

Number. 

Rubber. 

Sulphur. 

Zinc 1 

Oxide. 1 

Stearic 

Acid. 

Santocure. 

Ai 

100 

10 

— 

— 

— 

A2 

100 

10 

5 

2 

— 

A3 

100 

3 

' 5 


I 

A4 

100 

3 

5 

2 j 

I 



Fig. 2. — ^The infra-red spectra (a) of a “ straight " sulphur mix containing 10 
parts of sulphur, (&) of an accelerated mix containing 3 parts sulphur, 2 parts 
stearic acid, 5 parts zinc oxide, and i part Santocure. 

In Fig. 26 thd baud at 13-4/1 should have been drawn at 13*3/1. 
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The hrst two results are what one would normally expect from the spectra 
of the mixtures since sulphur has no bands sufficiently strong to appear 


Fig. 3. — The infra- 
red spectrum of 
a solid film of 
the organic ac- 
celerator, Santo- 
cure. 


at this concentration,^^ and in the spectrum of Santocure (Fig, 3) the 
strongest band is at The third result is of considerable interest 

since stearic acid (Fig. 4a) has no band in this region. In order to try 

and settle the origin 
of this new band the 
series of mixes given 
in Table II was made 
up and examined. 
The results are shown 
in column 7 of the 
table, which lists the 
intensity of the 
6*52 iLt. band relativ'e 
to any of the 
moderately intense 
rubber bands as a 
standard. They are 
also illustrated in 
Fig. 5 * 

The following coii- 
elusions may be 
drawn : — 

(a) The 6*52^ band 
is due to some inter- 
action between stearic 
acid and rubber 
since the presence of 
added materials is 
not necessary for its 
appearance (fcxes B4 
and B5). 

(&) Since the in- 
tensity of the 6'52 /x 
band is enhanced 
only by the presence 
of ZnO (Mix C3), 

Taylor and RideaU 

Fig. 4. — The infra-red spectra of solid films of Proc. Roy, Soc. A, 1927, 
{a.) Stearic acid (6) Zinc stearate. 115, 589. 







N. SHEPPARD AND G. B. B. M. SUTHERLAND 265 

either the interaction between “ rubber and stearic acid is one which 
is increased by ZnO, or ZnO plus stearic acid (which presumably form 
zinc stearate) give a band in the same position. Mix B2 shows that 
zinc oxide alone does not give rise to the band. 

The possibility of the 
band being due to zinc 
stearate was next tested by 
doing the spectrum of this 
substance. A very intense 
band was found in the same 
position (6.52 fj.) (Fig. 46) ; 
this is in fact the most in- 
tense band in the spectrum 
of zinc stearate apart from 
bands which are character- 
istic of the CH vibrations 
and so overlap intense rubber 
bands. There are therefore 
strong reasons for associ- 
ating the 6*52 /i. band with 
the presence of stearate ions 
but this will be more fully 
discussed later. 

Spectra of Vulcanised 
Rubber Mixes. — ^We shall 
report here only the work on Mixes Ai and A4 after curing. These are 
representative of the two extremes in vulcanising technique, the former 
being a “ straight ” mixture of rubber and sulphur, the latter containing, 
in addition to sulphur, an accelerator (Santocure) and accelerator activators 
(zinc oxide and stearic acid). The spectra are shown in Figs. 6a and 66. 



Fig. 5. — Spectra to illustrate the connection 
of the 6 * 52 jjLt band with the presence of 
stearic acid. 


TABLE II. 


Mix 

Number. 

Rubber. 

Sulphur. 

Zinc 

Oxide. 

Stearic 

Acid. 

Santocure. 

Strength of 

6-52 ju Band. 

Bl 

100 

3 


— 

— 

— 

B2 

100 

— 

5 

— 

— ^ 

— 

B 3 

100 

■— 1 

— 

— 

I 

— 

B4 

100 


— 

3 

— 

Weak 

B5 

100 


— 

5 

1 — 

Medium 

Cl 

100 

— 

— 

2 

I 

Weak 

C2 

100 

3 

- 

— 

2 

I 

Weak 

C3 

100 


5 

2 

— 

Strong 


Comparison of the spectra of these vulcanised rubbers wdth the spectra 
of corresponding uncured mixes (Figs. 2a and 26) reveals new bands in 
the vulcanised rubbers at 10*4^ and 17*0^. The latter is very weak 
but seems to be above experimental error in the case of cured Mix Ar 
(Fig. 6a). The band has been reported previously by Sears. 

In addition to the new bands it is. important to notice that the 6*53/>t. 
band arising from the presence of stearic acid in Mix A4 has disappeared 
on curing as also has the Santocure band at I3’3fi. 

It is interesting to note that the 6 ^ band of natural rubber show's 
no alteration in intensity other than a possible slight increase. The 
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absolute intensity of this band is hard to determine as it occurs in a region 
of intense atmospheric absorption due to water vapour but in these mixes 
and for these times of curing it certainly does not decrease in intensity. 
There are in fact no appreciable diminutions in any of the bands of rubber 
on light vulcanisation. 

Spectra of Rubbers containing Carbon Black . — We report here the 
results on a mix of the A4 type, (i) containing 5 parts of carbon, before 
curing ; (2) containing 26 parts of carbon, after curing. The spectra are 
shown in Figs. 7 and 8. Considering first the spectrum of the rubber 
mix containing 5 parts of carbon (Fig, 7) we see that nowhere is the ab- 
sorption less than 75 %, and that this baclcground of continuous absorption 



Fig. 6. — The infra-red spectra of cured films of {a) Mix Ai cured for 3 hours at 
60 Ibs./sq. in steam pressure (145° C.) and (6) Mix A4 cured for i hour at 
35 Ibs./sq. in steam pressure (127° C.). 


increas^ rapidly on passing to shorter wavelengths. This is an effect 
which is always present when finely powdered materials are studied in 
the in^a-red region of the spectrum and is due to scattering of the incident 
radiation by the particles present — ^in this case by the carbon particles. 
Such “ Rayleigh '' scattering is well known to increase in passing to 
shorter wavelengths. A comparison of the bands superimposed on the 
scattering background in Fig. 7 with the spectrum of the carbon free 
Mix A4 shows nothing new. The comparison of intensities is less certain 
because the scattering efiect militates against accurate measurements, 
but there would seem to be no changes which are not within experimental 
error. 
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Although an addition of approximately 5 % carbon might be expected 
to show at least the first signs of any new or changed frequencies, it was 
thought advisable to check the work with a rubber containing at least 
twenty parts of carbon, especially as such heavy loadings are used in 
practical rubber compounding. It was found, however, that such a rubber 


Fig. 7. — ^The infra-red 
spectrum of an 
uncured acceler- 
ated mix (A4) 
with 5 parts of 
carbon. 


gave virtually no transmission in the usual thicknesses we had employed 
(presumably due to the increased scattering by the carbon black). It 
was therefore necessary to develop a microtome technique of cutting 
extremely thin films of vulcanised rubber. 

The spectrum of such a film is shown in Fig. 8. It is obvious that the 
effective thickness of rubber in the path of the radiation is now much too 
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Fig. 8. — An '' absorp- 
tion " curve for a 
very thin micro- 
tome cut film of 
a cured rubber 
containing 26 
parts of carbon, 
showing weak 
rubber absorption 
bands superim- 
posed on a general 
scattering back- 
ground. 


small. Nevertheless the characteristic rubber spectrum can just be dis- 
tinguished above the scattering background. Although intensities cannot 
be measured with any degree of accuracy it would not appear that carbon 
affects the gross structure of the infra-red spectrum of rubber (vulcanised 
or un vulcanised) to any appreciable extent. 

Discussion. 

At present the infra-red spectrum of rubber, like that of any polymer, 
can only be partially interpreted. Following the general rules for such 
spectra we have the following assignments : — • 

12 Cf. Infra-Red Spectroscopy, by Barnes, Gore, Liddel and Williams, Reinhold 

(1944)- 

10 
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Class 

Hydrogen Frequencies 


Double Bond Frequencies 


Detailed Interpretation 

3'4 >'oK valency ■ 

6*9 Sen deformation (CH^ and CH^ groups) 

7*3 ScH deformation (CH3 group) 

b-o V(3«o valency 


None of the other bands in rubber can yet be assigned with any degree 
of certainty although it is probable that the weak baud at 2*5 /x is a 
combination band arising from the transitions to levels of the type 
The weak band near 3*0/1 was at first assigned to vqk* the hydroxyl 
presumably arising from slight oxidation. More recent work indicates 
that this band is separate from the oxidation band at 3*0 ^ and its wave- 
length Is 3‘i /i. It now seems more probable that it is either a weak 
combination band or a CH fundamental frequency. If the latter is true 
it would indicate the existence of a CH group in rubber in which the CH 
distance is about i*o6 a, i.e, virtually the same as that found in CaH^ 
(1*057 HCN (i*o6 a)A^ and considerably less than that found in 

methane (x*o93 a) and ethylene (1*085 a).^® This may be the CH 
distance of the '' lone hydrogen on the ethylene bond. Thus although 
the part of the infra-red spectrum which arises from the skeletal vibrations 
of the isoprene chains (i.e. from 7*5 to 18/1) cannot yet be interpreted 
we have in the short wave region tracer ” bands which should make it 
possible to follow changes wMch vulcanisation may cause in C — H and 
C=C bonds. 

The Stearic Acid Band at 6 * 52 /li. — ^T his is the only band appearing- 
in the spectrum of rubber mixes before curing which is not due to the 
separate components of the mixture. Since it coincides with an intense 
band in zinc stearate and is intensified when zinc oxide accompanies the 
stearic acid, the natural deduction is that this band is due to the stearate 
ion. The stearate ion would be expected to have a frequency very close 
to this value arising from the unsymmetrical valency vibration of the 



ion while potassium stearate has been found to have an intense 


band at 6*45 /t. However, if we accept this interpretation it is difficult 
to explain how the steaidc acid comes to be ionised in rubber before the 
addition of zinc oxide. Furthermore natural rubber generally contains 
1-2 % of carboxylic acids and therefore the addition of zinc oxide to rubber 


might be expected to produce 


.0 

X— 


ions which should give the 


6*52/1 band. The fact that zinc oxide in rubber does not give rise to 
the band can of course be accounted for if we suppose that more than 


2 % of 


X— C<^ 



ions are necessary to make the band detectable. 


Further quantitative work is required to resolve these difficulties. Mean- 
while there is definite spectroscopic evidence that zinc stearate is formed 


[a) Herzberg, Patat and Spinks, Z, Physik, 1934, 9 ^^ ^ 7 * (^) Herzberg, 

Patat and Verleger, Z. Physik, 1936, 102, i. 

Herzberg and Spinks, Proc. Roy. Soc. A 1934, 147, 434. 

Ginsbnrg and Barker, J. Chem. Physics, 1935, 3, 668. 

Thompson, Tmns. Faraday Soc., 1939, 35, 697. 

Cf. the same frequency at 6-48 /i in the acetate ion, Davies and Sutherland, 
J. Cheni. Physics, 1938, 6, 755, 

The spectrum of potassium stearate has recently been obtained by Ramsay 
in Professor Rideal’s laboratory in another connection. 
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when zinc oxide and stearic acid are added to rubber before vulcanisation, 
and that this zinc stearate is destroyed as vulcanisation proceeds. 

It should perhaps be added that we also have evidence that when 
stearic acid is added to rubber some of it remains unaltered since it can 
be detected by means of its characteristic carbonyl band near 5*8/x. 

Changes in the Spectrum produced by Vulcanisation. — Before dis- 
cussing the new bands at 10*4 and 17 /x it is useful to consider what 
changes in the spectrum might have been expected, according as the 
sulphur is incorporated in different ways. Spectroscopically the new 
bond easiest to detect would be the S — bond which would give a band 
very close to 3*9 /a. No trace of such a band has been found so we may 
rule out the formation of mercaptans in vulcanisation. If — C — S — C — 
linkages are formed a rough calculation shows that the associated new 
bands will lie beyond 13 jx ; if — C — S — S — C — linkages are formed 
the S — S bond should be distinguishable from the C — S bond but it will 
be expected to give a band beyond 20 fi. If C=S bonds are formed 
one may expect the corresponding valency vibration to become active in 
the region between 6-5 and i5jlx. Until much more work has been done 
on the spectra of sulphur-hydrocarbon compounds of known structure it 
will not be possible to say w^hether any carbon-sulphur bonds detected 
occur in a chain or in a ring structure. Finally we may look for changes 
in the original rubber spectrum. Thus if sulphur is incorporated at the 
expense of C=C double bonds we may expect a diminution in the intensity 
of the 6 [ji band, w'^hile any alteration in the ratio of CH^ to CH3 groups 
will be reflected in a corresponding alteration in the relative intensity of 
the 6*9 and 7*3 /x bands associated with these groups. 

With these considerations in mind the simplest interpretation of the 
new bands at 10-4 and 17 /lx is that the former is due to C=S bonds while 
the latter is due to C — -S bonds. Unfortunately the simplest interpretation 
is not necessarily the correct one, but it does seem probable that the ijfb 
band arises from C — S bonds. In dimethyl sulphide Thompson 1® has 
assigned the two C — S valency vibrations to frequencies at 691 and 
742 cm.“^. When the methyl groups are replaced by carbon chains 
these frequencies might be expected to be altered sufficiently for one of 
them to rnove to 17 /x. No infra-red data exist on organic sulphides 
for the region beyond 16 /x but the Raman spectrum of diallyl sulphide 
shows a frequency corresponding to an infra-red absorption at 16*9 /tx. 
We are hoping to examine shortly the spectra of a number of organic 
sulphides and so confirm this assignment. Since C=S bonds are unlikely 
on chemical grounds, the next simplest spectroscopic interpretation of 
the 10*4 /X band is that it derives from a combination of the — C — S — C — 
deformation frequency with one of the C — S valency frequencies of the 
same group. It might, however, be purely a frequency of the carbon 
part of the molecular framew'^ork which has become " active through 
the alteration of symmetry caused by the introduction of a sulphur atom 
into the framework. Here again further fundamental work on simpler 
molecules of known structure is required. 

Probably the most interesting spectroscopic result so far derived 
is the negative one that the intensity of the C=C band at 6 /x is not 
altered by vulcanisation with 10 parts of sulphur unless perhaps to be 
somewhat intensified. A number of other vulcanised rubbers have been 
examined in the course of this work including one containing 33 parts of 
sulphur. Even this compound after curing for six hours at 145° C. showed 
only a small decrease in the intensity of the 6 fi band. This does not 
prove conclusively that the ethylenic linkages are virtually unaffected by 
vulcanisation. The intensity of the 6/x band is a function of the asym- 
metry of the groups attached to the carbon atoms at either end of the bond. 

Thompson, Trans, Faraday Soc., 1941, 37, 38. 

Venkateswaran, Ind, Jouvn. Physics, 1931, 6, 51. 
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If this asymmetry is increased on some double bonds by part of the sulphur 
while the rest of the sulphur is compounded by the complete rupture of 
other double bonds, the intensity of the 6 /x band may either increase 
or decrease according to the relative effects of these two processes. There 
is in fact some evidence that the 6^ band increases in intensity at first 
and subsequently (after long curing with lo % or more sulphur) decreases. 

In any case it does seem certain that an appreciable degree of unsaturation 
remains even with 33 % sulphur and a considerable degree of vulcanisation. 

Effect of Carbon Black on Rubber Spectrum. — It has already been 
remarked that no new bands are produced by the addition of carbon 
black and the only appreciable changes in intensity are those caused by 
the scattering effect of the carbon particles which makes the bands appear 
progressively stronger as we move to shorter w^avelengths. A few measure- 
ments have been made to see whether Rayleigh’s law’ is obeyed in these . 
phenomena. The results indicate that whereas Rayleigh's law would 
give 

log J/Jo = - 

(where A is the wavelength of the radiation, I is the intensit}^ of the trans- 
mitted radiation, and Jo is the intensity of the incident radiation) the 
intensities in our curves obey a law where the index of A is approximately 
unity. The carbon particles in these experiments had a mean diameter 
of 0’03/i* One might have expected Rayleigh's law to hold if no aggrega- 
tion took place since the wavelengths w'ere at least 100 times the size of 
the particle. If, however, aggregation took place and the particle size 
became of the same order as the wavelength then anomalous scattering 
will result. Pfund has investigated phenomena of this type experi- 
mentally and shown that when the particle size becomes of the same order 
as the wavelength a sharp change in the intensity of the scattered radiaion 
is to be expected. Further work is required on the fundamentals of this 
subject before accurate quantitative deductions can be made, but we can 
state that the intensity of the scattered radiation in the infra-red indicates 
that the carbon black in these rubbers aggregates from an initial size to 
0*03 jw. to a particle of the order of i fx in diameter. Fuller details of these 
experiments will be published in due course. 

Summary. 

Infra-red absorption spectra have been determined between 2 and 18 ^ 
for followdng materials (a) natural rubber, (6) natural rubber -{- 
sulphur and/or various accelerating agents, before and after vulcanisation, 

(c) natural rubber mixes containing carbon black, before and after vul- 
canisation. The accelerating agents studied were zinc oxide, Santocure 
and stearic acid. New bands have been detected in natural rubber at 
3'i, 4-98 and 16*6-17*7 fx. Evidence has been found for the existence of 
stearate ions in rubber mixes to which zinc oxide and stearic acid have 
been added. The addition of stearic acid alone to natural rubber also 
gives rise to a band in the position associated with the stearate ion (6*52 /a). 
The explanation of this phenomenon is not clear. Vulcanised rubber 
shows two bands at 10*4 n and 17 /a not present in uncured rubber. The 
latter is probably associated with C — S bonds . V ulcanisation produces very 
little effect on the C=C frequency of rubber at 6 /a so that appreciable 
unsaturation would appear to exist in highly vulcanised rubber. Carbon 
black produces no marked alteration in the spectrum of rubber (vulcanised 
or unvulcanised) other than effects due to scattering. The variation of 
this scattering with wavelength indicates - that the size of the carbon 
aggregate in rubber is of the order of i /x. 

This work is part of a programme of fundamental research on the 
infra-red spectra of rubber and rubber compounds made possible by 

21 Pfund, /. Opt. Soc. Amer., 1933, 23, 375 ; ibid., 1934, 24, 143, 
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assistance from the Dunlop Rubber Co, Ltd. The cured films examined 
were all prepared in the Dunlop Research Laboratories by Mr. L. F. H. 
Bovey whose help has been indispensable. We wish also to record our 
thanks to Mr. E. F. Powell and Mr. D. Bulgin of the same department for 
the benefit of many stimulating discussions. 

The Laboratory of Physical Chemistry, 

Cambridge. 

GENERAL DISCUSSION.^ 

Dr. Sutherland {Cambridge) said : We have carried out a considerable 
amount of work on polymers in Cambridge along the same general lines as 
those described by Dr. Thompson and Mr. Torkington, and, broadly 
.speaking, our results and conclusions are in agreement with theirs. It was 
originally planned that our results should also be presented at this meeting, 
but pressure of other work has made tliis impossible. It may stimulate 
discussion if I indicate a few points on which we differ. 

First with regard to the rule for classifying compounds with an ethylenic 
linkage (which is an extension of an earlier rule given by Lambert and 
Lecomte certain diallyl compounds recently investigated by Mr. Willis 
appear to break this rule, e.g. diallyl succinate, which has the ggo cm.-^ 
band but not the 909 cm.'^ band. Again, in the course of work on rubber, 
several compounds have been examined in which the RiRgC = CHR3 
structure was known to exist, but no strong band was found at 840 
e.g. trimethyl ethylene, I feel, therefore, that further work is required to 
define the exact limitations of this rule before it can be applied with complete 
confidence. 

With reference to the possible existence of CHg groups in polystyrene 
being indicated by the band at 1380 cm."h I would draw attention to a 
note by Wright ^ on the short wave region of this spectrum, which proved 
(using the characteristic bands for CH3 first established by Fox and 
Martin that there cannot be more than one CH3 group per 100 units in 
the polystyrene chain. 

With reference to the spectra of natural rubber and related compounds, 
a considerable amount of work has been done here by Mr, Harding under 
the auspices of the British Rubber Producers’ Research Association. 
Interesting differences have been found between the spectra of natural 
rubber, guttapercha (the a and ^ forms of which give difierent spectra) 
and synthetic polyisoprene. With regard to the rubber and guttapercha, 
these differences are presumably due to cis /trans isomerism, and a study is 
now in progress of simpler analogues of these isomers. 

As regards the spectrum of polyvinyl alcohol, I would point out that 
Lecomte ^ has given empirical rules, which are fairly reliable in differentiat- 
ing between a primary, secondary and tertiary alcohol. The characteristic 
band of a secondary alcohol, according to Lecomte, is at 1100 cm.-^, 
wliich would indicate for polyvinyl alcohol the structure — 

— CHo— CH~ 

■ ■ I 1 

OH OH 

Recent work in Cambridge on alcohols gives general confirmation to 
Lecomte’s rules. 

In the case of nylon Avhich we have also investigated, I should like to 
point out that the infra-red spectrum gives bands at 3*0 and 6-o 

* On the two preceding papers. 

^ Lambert and Lecomte, C.R., 1938, 206, 1007. 

^■Wright, Rev. Sci. Tnstv, 1944, * 5 ? ■ 2 -- 

^ Fox and Martin, Proc. Roy. Soc. A, 1940, 175, 208. 

^ Lecomte, C.R., 1925, 180, 825 ; Le Spectre Infrarouge, Paris, 192S. 
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which might indicate respectively the presence of OH and C=N bonds, 
so that it is not possible at this stage to exclude groupings of the type 

N==C(0H)--(CH,)4~> 

in nylon. 

Mr. D. A. Ramsay {Cambridge) said : The spectra of several poly- 
styrenes have been investigated in the region 2*0-15 -o m/t, of which the 
rheological properties differed. No significant differences were detected in 
this region of the spectrum, hence the differences in the rheological pro- 
]Derties must be related to structural differences, which do not appreciably 
influence the infra-red spectrum, e.g. variations in chain length rather than 
chain branching. 

A further sample of polyst3u:ene, which from its abnormal swelling 
properties and anomalous viscosity measurements was believed to be 
cross-linked, again displayed no differences in this region of the spectrum. 
Hence it vras concluded that the amount of cross-linking was small. Further 
work, however, is still required to enable us to determine the minimum 
amount of cross-linking detectable in polystrene by the infra-red method. 

Samples of polystyrene polymerised under various conditions have 
been examined but in general the differences observed were very small. 
A sample of polystyrene polymerised in the presence of 2 % benzoyl 
peroxide catalyst, however, exhibited two new frequencies of appreciable 
intensity at 1276 cin.~i and 1105 cm.-^ which are not due to benzoyl 
peroxide. Whether these are due to alterations in the polystyrene chain 
or to the presence of C- — O — C linkages is not yet .settled. 

Mr. Harding {Cambridge) said : I should like to draw attention to a 
particularly interesting result we have obtained from infra-red studies of 
rubber and of synthetic polyisoprene. 

In the infra-red spectrum between 1300 cm.-^ and 700 cm.-^, the 
strongest absorption band of rubber is at 840 cm,“\ whereas synthetic 
polyisoprene has its strongest band at 890 cm.-^. A band at the latter 
position, as Dr. Thompson and others have pointed out, is probably char- 

Ri\ 

acteristic of the bC—CHg grouping. This suggests that the polymerisa- 
tion of isoprene takes place chiefly by i : 2 addition, giving the structure — 


— CHg— CFI— : CHg— CH— : — 


C— -CHg G^CHg 

t. L. 


A weak band in synthetic polyisoprene at 840 cm.-i indicates that there 
may be some 1*4 addition in the polymerisation, giving the normal rubber 
structure — 

CH, CH, 

— — CHa— CH =C— CHa— : CHj— CH =C— CH.,— ; — 

Dr. Thompson {communicated) : I am most interested in Mr. Harding’s 
comments on polyisoprene, but cannot agree with his implied general- 
isation that isoprene always polymerises predominantly by x . 2 addition. 
We also have measured the spectra of some films of synthetic polyisoprene, 
and have found that some samples may actually predominate in the i . 4 
addition, as suggested by the very strong band at 840 cm."^. Also, using 
the key bands which have already been mentioned for the other types of 
olefinic linkage, the spectra suggest that, in some polyisoprene samples 
at least, the i . 2 addition can occur in either of two ways, leading to 
structures of the type (I) and (II), in which the pendent groups are different. 
(I) is in the substituted isobutylene class, and (IT) in the vinyl class. 
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— CHa— CH— . 

C.CH3 

I 

CH„ 

(I) 


. . . —CH, 


CH, 

i-. 

L 

U 


(ii) 


It is clear from all these results that particular conditions may favour 
the different methods of condensation, and we have here a good method 
for analysing them. 

Dr, H. P. Koch {Welwyn) said : Mr. Harding has observed marked 
dissimilarities in the spectra of rubber and gutta-percha, and some of these 
differences must be connected with the geometrical isomerism of the two 
polymers about the double bond of the repeating unit 


—CHs— CMe==CH— CH2— . 


In order to establish such a correlation we hope to have pure samples of 
the cis~ and ^/aws-isomers of dihydromyrcene available for infra-red in- 
vestigation shortly. Some progress would then be possible in the inter- 
pretation of those parts of the spectra associated with the internal molecular 
shape of the polymeric chains. It may be pointed out in this connection 
that the analogous pair of isomeric alcohols, geraniol and nerol, failed to 
reveal significant diferences in their Raman spectra.® 

The difficulty of finding independent standards for checking or cali- 
brating infra-red absorption intensities of interpolymer spectra could be 
partly overcome by supplementation with data from ultra-violet spectro- 
scopy which is a powerful analytical tool whenever conjugated or aromatic 
centres are present in the molecule. Many polymers can be made to give 
clear solutions in ultra-violet transparent solvents such as c:y^;/o-hexane 
for this purpose. Thus/ the proportion of styrene combined in Buna S 
can be estimated by measuring the absorption band at 260 mfj,, and it has 
been shown previously ® hpw the mode of combination of Hovolac resins 
with rubber could be determined by ultra-violet analysis. 

Dr. Alwyn G. Evans [Manchester) said : The use of the infra-red 
technique to determine whether monomer molecules link up on polymerisa- 
tion by the head to tail method or by the head to head method is interesting, 
especially for monomers of the i ; i disubstituted ethylene type. For such 
monomers, e.g. CH2 = CXiXo* the head to tail polymerisation leading to 
the structure 


Xi X2 Xi Xo Xj X2 


\/ \/ 

H. Ho H. 


\/ 

/\ 


gives rise to the possibility of steric hindrance betw^een the substituent 
groups X on one carbon atom and those on the next carbon but one. 
When the substituent groups X are CH3, that is, when the monomer is 
isobutene, it is found that this steric interference between the methyl 
groups is quite large. A model of the polyisobutene molecule of the head 
to tail type can only be built up by successive rotation of the isobutene 
units with respect to each other so that the methyl group of one isobutene 
unit fits in between the two methyl groups of the next isobutene unit. 

® Dupont, Desreux and Dulou, Bull. Soc. Chim., 1937, 4, 2016. 

® Cunneen, Farmer and Koch, 1943, 472. 
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The stnicture so obtained is quite rigid, although the model carbon atoms 
used have a smaller van der Waals radius than the normals It is to this 
steric interference that the low heat of polymerisation of isobutene has 
been attributed. ® 

From the infra-red examination of polyisobutene, Thompson and 
Torkington conclude that there may be a slight weakening of the carbon- 
carbon bonds, and this they attribute to the steric hindrance in the mole- 
cule. 

The head to head, tail to tail, polymerisation would lead to the structure : 


Xi X. 

\/' 


H., 


Xi X.. 
\/“ 




c 

/\ 

X, X, 


H, 


H., 


-A. 


in which there is no possibility of steric interference between the substituent 
groups X. A model of the polyisobutene molecule of this structure shows 
the absence of steric hindrance. Rotation about the carbon-carbon bonds 
can occur in contrast to the rigid structure obtained for the head to tail 
model - 

On polymerisation the isobutene molecules join up with each other by 
the head to tail method to give a polymer in which there is strong steric 
hindrance, and a consequent reduction of carbon-carbon bond strength. 
The fact that the alternative head to head, tail to tail method of polymer- 
isation, which would give an unstrained polymer molecule, does not occur, 
is of importance from the point of view of the mechanism of polymerisation. 
By increasing the size of the groups X, the head to tail structure will 
become more and more sterically unfavourable compared with the head to 
head, tail to tail structure. It would be interesting to see whether such 
an increase in the size of the groups X were accompanied by an increasing 
proportion of head to head addition, or whether, as in di-isobutene, where 
Xi is CHs and X2 is CH2C(CH3)3, polymerisation is stopped altogether, and 
dimerisation occurs.’ 

Br. A. Wassermann (London) said : I should like to draw attention to 
the importance of spectroscopic measurements for entropy calculations, 
which in turn are of interest in connection with the mechanism of certain 
low or high molecular polymerisations. As an example I refer to the 
reactions of butadiene. The first step in the high molecular polymerisation 
leads to species of the formula CaHi*,. One such species can be represented 
by the straight chain di-radical (A) referred to in Dr. Thompson's and 
Torkington's paper. The formation of a bond between the first and sixth 
carbon atoms leads to 4-vinylcyclohexane (B) which, at about abs., 
is the product of the homogeneous gaseous dimerisation of butadiene. It 
is of interest to find out whether (A) is an intermediate in the formation of 
(B) or whether the primary steps in the high molecular polymerisation and 
in the dimerisation are fundamentally different. In order to decide this 
question attempts have been made ’ to estimate the entropy change, 
AS, of the two processes 2 butadiene = (A) and 2 butadiene == (B). The 
quantity AS can be regarded as being the sum of three terms 

AS == ASrig. 4~ ASvib. tot) ~\r ASvib. (^)» 

where ASvig. comprises the contributions of the various species supposed 
to be rigid, ASvib. («) relates to relatively stiff vibrations of frequencies 
higher than 1000 cni."*^ and ASvib. (^3) relates to the lower vibrations, or to 


’ A. G. Evans and Polanyi, Nature, 194'^, IS2, 7^8 
«Flory, 7.^. C.S., I 943 > ^ 5 , 372 - 
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torsional oscillations in the range 200 to 1000 cin.-i and to free or restricted 
internal rotations. The calculations ® lead to the following result 

A 5 /i? = — 6 i 3 for species A ) 

r(T = 600®). 

AS/R ^ — 12 ±5 for species B ) 

Both these figures are compatible with the experimental entropy change 
as deduced from kinetic measurements ; it follows, therefore, that tMs 
method of approach cannot be used to find out whether the formation of 
(B) is a side reaction of the low molecular link of a polymersation chain. 
The large inaccuracies are mainly due to the present incomplete knowledge 
of ASvib. (/S) but entropy calculations of the type here considered will doubt- 
lessly lead tb useful results if yve know more about the vibrations and 
torsional oscillations down to 150 cm.-^. It is improbable that in benzene 
and in simple aromatic compounds, such low frequencies occur, but it is 
nevertheless possible that in other cyclic compounds some of the frequencies 
are very low.^^ The necessary information can probably be obtained by a 
combined investigation of the infra-red and Raman spectra, by a deter- 
mination of the band spacings in fluorescence and phosphorescence spectra 
and by measurements of the specific heats. 

Mr. L. W. Marrison {Widnes) (communicated) : It would be interesting 
to know if the authors of this paper have been able to correlate the absorp- 
tions at 3*0, 5*8 and 9*75 observed in the spectrum of oxidised rubber, 
■wuth any particular type of oxygen-containing structui*e. The possible 
analogy wuth the ketonic absorption at 1720 cm.-^ observed by Thompson 
and Torkington in polythene seems to be very suggestive. 

Dr. Sutherland (Cambridge) (communicated) : The absorptions at 3*0 
and 5*8 /x occurring in oxidised rubber are due respectively to OH and 
C =0 valency vibrations. . These bands have been studied further by 
Mr. Harding and myself to see whether quantitative estimations of the 
OH and C =0 bonds in oxidised rubber can be made by this means. 
Although rough estimates can be made fairly readily, accurate determina- 
tions (especially of the OH) present certain problems which have not yet 
been satisfactorily solved. The exact interpretation of the band at 9*75 /x 
(which is much less well defined, since there are in fact several new over- 
lapping bands due to oxidation in the region beyond 7*5^0) is not yet clear 
but it is almost certainly to be associated with C — O bonds. 

Dr. Thompson said : With regard to some of the points made by Dr. 
Sutherland, I agree that the rules for differentiating classes of olefines 
must be used carefully wdth other than hydrocarbon molecules. Mr. 
Torkington has also found, for example, that in the ally! halides, as also 
with the vinyl halides, the frequencies of the bending oscillations of the 
C — H bonds shift according to the halogen atom which is attached, but 
rules are gradually being built up from which such shifts may be antic- 
ipated. 

We, too, have found wdth samples of nylon, other points of the kind 
mentioned by Dr. Sutherland but not given in detail in our paper, 

I was particularly interested in the work described by Sheppard and 
Sutherland on vulcanisation, since Mr. Torkington and I have made some 
similar measurements in which the vulcanisation by sulphur chloride was 
studied. The spectra of samples of crepe rubber which have been sub- 
jected to sulphur chloride vapour for varying times show marked differ- 
ences, as shown in the diagram. 

® Kistiakowsky and Ransom, J. CJmn. Physics, 1939, 7, 725 ; Wassermann, 
J. Chem, Sac., 1942, 612. 

Compare, for instance. Lord, Ahlberg and Andrews, /. Chem. Physics, 
■T 937 . 5 , 649. 

Wassermann, Proc. Roy. Soc. A, 1941, 178, 370. 

^^J.C.S. (1944). 303- 

10 * 
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As vulcanisation proceeds new bands appear, notably at 635, 680 and 
895 cm.’"b although there are other changes in the spectrum too. We 
should naturally try to correlate these new bands with the formation of 
— S or S — S linkages, and to this end Mr. Trotter has been measuring the 
spectra of some alkyl disulphides, including the dimethyl, diethyl, dipropyl 
and dibenzyl derivatives, between 3-20 p.. These alkyl disulphides have 
bands in the range 500-700 cm.''\ but no very certain correlation can yet 
be made with the bands in the vulcanised rubber. 



It is interesting also to note that when vulcanisation by sulphur 
chloride occurs, there is no marked change, in the early stages at least, in 
the absorption near 1600 cm.“^ associated with the carbon-carbon double 
bonds, which agrees vdth the result found by Sheppard and Sutherland. 

As regards the peculiar band at about 6.5 /x associated by Sheppard 
and Sutherland with the stearate ion, we have also found that many 
sodium or potassium salts of fatty acids such as acetic, propionic, butyi'ic, 
benzoic and oleic acid, have a band in the region 1530-1570 cm.'-^ (6*4-6 ^5 p) 
which agrees with their conclusion. The way in which the frequency 
associated with the carbonyl group varies in different compounds has been 
studied exhaustively by Mr. Trotter, and appears to lead to some very 
useful structural correlations which ^vill be given later elsewhere. 

The points raised by Dr. Evans about polyisobutylene and polyvinyli- 
dene chloride are interesting. I agree with him that what is required is a 
systematic study of how the various modes of condensation of olehnic 
compounds are related to the chemical and physical nature of the other 
radicals present such as halogen, cyano or alkyl groups. We hope shortly 
to undertake a planned investigation of this kind. 

With regard to the other questions raised, the changes brought about 
in the oxidation of polythene can be very well explored by infra-red 
absorption, and have given interesting results. 

Mr. Sheppard [Cambridge) said, in introducing his paper with Dr. Suther- 
land : We should like to add the following points ; — 

(i) The classification of C — H bond strengths by Dr. Linnett (earlier 
paper in this discussion) makes it unlikely that the lone '' hydrogen 
atom attached to the double bond in rubber could give rise to a v C — H 
absorption band at as low a wavelength as 3-1 p, and hence it would seem 
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more likely that this' is a weak combination frequency. An alternative 
explanation is that rubber contains a small number of C=C triple bonds, 
and that it is hydrogen atoms attached to these which give rise to the 
absorption band at 3 . i fju. In agreement with this the band at approxi- 
mately 5-0 /i could be interpreted as the valency vibration of such triple 
bonds. We are now also of the opinion that the possibility of this band 
being due to the hydroxyl absorption cannot be excluded. 

(2) Further work has been carried out on accelerated mixes of the type 
A4 containing larger amounts of sulphur and accelerator with the object 
of detecting any new bands other than those found in cured mix Al, i.e, 
of detecting any bands ivhich can be directly related to changes in the 
nature of the product brought about by the use of accelerators.. No such 
bands have been discovered, and it would seem that the use of this type 
of organic accelerator (mercapto benzo thiazole type) gives rise to the same 
final changes in the rubber molecule as does straight sulphur vulcanisation. 
Another result in support of this view is that the intensity of the 10*4 fi. 
band in a wide series of vulcanisates is clearly related to the amount of 
sulphur incorporated. Similar quantitative work is now in progress on 
the 17*0 [M band, and on the extension of these spectra to 30 

(3) In many cases, especially when '' ultra-accelerators " are used, 
good properties of the vulcanisate can be obtained with the incorporation 
of much smaller amounts of sulphur than we have discussed. This suggests 
the possibility that some of the changes which we have observed in the 
spectrum on vulcanisation may not be directly related to the important 
physical properties by which we characterise a vulcanised rubber, but are 
to be correlated with secondary physical effects. Work is now in progress 
on mixes in which the optimum vulcanisation properties are obtained vrith 
the minimum amounts of vulcanising agents. 

Mr. J. Harvey (London) (communicated) : It is interesting to note, 
from the work described in the paper of Thompson and Torkington, the 
introduction of a new weapon in the attack on the structure of natural and 
synthetic polymers, and from the evidence presented it is clear that we 
may expect in the near future to know very much more than we know at 
present of the chemical configuration of these materials. 

Three points may be raised for further comment. Firstly, in connection, 
■^vith the degree of polymerisation of these materials, it is stated that nO’ 
significant differences have been noted in the spectra of samples of polyiso- 
butylene of different molecular weight. It is to be expected that, for 
polymers such as polyvinyl chloride or polystyrene, a band or bands due to 
end-groups should be observable, the intensity of which would give some 
measure of the degree of polymerisation. Moreover, the assignment of 
bands to end-groups might lead to an advancement of knowledge of these 
groups about which little information is available in many cases at the 
present time. Poly^'sobutylene, it is felt, is not a good example, for if the 
chain termination is a methyl group, as is possible, the effect suggested mil 
probably not be observable. 

Secondly, the section dealing with head to head or head to tail con- 
figurations is noted ; it will be interesting in due course to loiow how far 
the results of the present investigations bear out the configurations put 
forward by Marvel and his co-workers on the results of a chemical exam- 
ination. 

Finally, it is to be hoped that workers in this field will so oil have an 
opportunity of including in their studies an examination of the so-called 
mixtures of polymers and plasticisers. The suggestion has been put 
forward that in some cases, notably with polymers derived from monomers 
of the type CHa— CHR, the interaction which takes place may include the 
formation of bonds of a weak chemical nature. Hydrogen bonds are 

E.g. Marvel and Riddle. J.A.C.S., 1940. 61, 2666. 

Harv'ey, Distribution of Electricity, 17, 31S. 
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envisaged between the active groups (carboxyl groups in the case of esters 
such as phthalates) of the plasticiser molecule and the carbon atoms, to 
which the substituents are attached, in the polymer chain. 

It is thought that a comparison of the absorption spectra of the separate 
components with those of mixtures of polymer and plasticiser may give 
confirmation to this hypothesis. In this study, an examination of the 
C — stretching vibrations at about 3 fi may be of use, and it is perhaps 
unfortunate that in only four of the spectra of vinyl-type polymers re- 
corded, does the scale extend down to this wavelength. 

Dr. Thompson {communicated) : Many of the subjects referred to by 
Mr. Harvey have already been tackled, and work on these lines is de- 
veloping rapidly. It is not possible to discuss here the results so far 
achieved, but these will be given in later papers. 

Dr. L. Kellner [London) [communicated) : Thompson and Torkington 
raise the question whether an estimate of the length of the chain can be 
formed from the spectra produced by compounds of varying chain length. 
At the present stage of theoretical treatment, there does not seem much 
hope that this question can be solved. I have shown in my contribution, 
‘'The C — C valency vibrations of organic molecules^’, that the C — C — 
valency vibrations of a normal chain lie between 809 and 1143 cm.~^ 
whatever the length of the chain. The number of frequencies within these 
limits increases with the number of links. The bands, therefore, crowd 
closer and closer together, but it is practically impossible to resolve the 
bands in the case of molecules of high molecular weight. On the other 
hand, it may not be impossible to estimate the length of a chain from the 
intensity of the complex band between 809 and 1143 For that 

purpose, it would be necessary to make an experimental investigation of 
the influence of the number of linkages on the intensity of' the coi'res- 
ponding bands and to calculate the total absorption betiveen 809 and 
1143 cm.“i for every molecule under investigation. In the case of com- 
pounds containing side chains involving C — C, C — N and C — O bonds, the 
side chains form an integral part of the whole molecule where the vibrations 
are concerned, The spectrum corresponds then to that of an isomer of 
the normal chain with the side chains occurring at regular intervals. The 
case of C= 0 , C — C — Cl, etc., groups in the side chains is, of course, 
different since their oscillations are practically independent of the C — C 
frequencies of the main chain. 

Dr. Sutherland (Cambridge) (communicated) : There are two points 
which Mr. Sheppard and I should like to make with reference to the 
absorption spectra given by Mr. Torkington and Dr. Thompson for rubber 
vulcanised by sulphur chloride. Among the changes in the spectra which 
were not specifically listed by them we note that a band near 10*4 ^ 
gradually increases in intensity during vulcanisation. This is where we 
found the most marked change in the spectrum with straight sulphur 
vulcanisation and suggests that these two methods produce some common 
structural change in rubber. The second point is that since vulcanisation 
by sulphur chloride involves the chemical incorporation of chlorine as 
well as sulphur into the rubber, it is to be expected that some of the new 
bands may involve Cl linkages which are not essentially related to 
vulcanisation. 

Mr. Torkington and Dr, Thompson [communicated) : We agi*ee with 
Mrs. Kellner that the changes in the spectrum of a long chain paraf&n 
as the number of carbon atoms increases are very small, and give little 
hope of a direct determination of the chain length from the magnitudes 
of special types of chain frequency. We also agree with her that the 
mathematical treatment of such systems as vibrating groups of atoms is 
not yet far advanced, nor as precise as one might wish. We do not agree, 
however, with the approximations in the model which she would suggest 
for some of the molecules in attempting to compute the vibration fre- 
quencies, since it is not possible to separate the carbon-carbon oscillations 
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from other vibrations to the extent which she suggests. As already stated 
in this discussion, with Miss Simpson and Dr. Sutherland, a more exact 
treatment is possible for hydrocarbon molecules, and Mrs. Kellner's 
speculations about the strengthening of a band in the region of 1000 cni.~^ 
in the case of long chain paraffins are not confirmed by the facts. 

The determination of chain-lengths by other, less direct, methods, in 
which, for example, the estimation of end groups may be important, is 
being carefully explored. 


THE INFRA-RED ABSORPTION SPECTRA OF 
COALS AND COAL EXTRACTS. 

By C. G. Cannon and G. B. B. M. Sutherland 
Received 11th December, 1944, 

Although much research has been done on the structure of coals, the 
spectroscopic approach to this problem (at least in the infra-red) appears 
to have been entirely neglected. This is not surprising, as the technical 
difficulties encountered in obtaining the infra-red spectrum of coal are 
very considerable. An account of a preliminary investigation made in 
this laboratory has already been published : ^ this work showed that a 
discrete spectrum existed, provided the sections could be made sufficiently 
thin. Further investigations have confirmed that coal has a discrete 
spectrum with many recognisable and identifiable absorption bands. 
Partly because of the great difficulty in obtaining the spectrum of coal, 
and partly for their intrinsic interest, various extracts and products have 
also been examined, viz, pyridine extracts, pitch extracts, “shock-heater” 
distillates and humic acids. 


Experimental. 

In general, spectra have been recorded between ifi and 14*5 using a 
rock-salt prism spectrometer of high resolving power. In order to get 
a reasonable transmission of radiation without opening the spectrometer 
slits so widely that resolving power is unduly sacrificed, the thickness of 
the coal should be of the order of o*oi mm, and the area of the specimen 
approximately 20 X 5 mm. It has so far proved impossible to obtain 
such films without having them prepared on a mount transparent to infra- 
red, e.g. a rock-salt or fluorite plate. The former is ideal in having no 
absorption between the visible and 1 5 /a but is awkward as it precludes the 
use of water as a grinding lubricant and is difficult to handle even with 
rubber gloves ; the latter will stand up to water but only transmits from 
the visible to about 10 fj,. As a mountant we have used halothene - (a 
halogenated pol5r(:hene) which has good adhesive properties and has very 
low absorption over large portions of the infra-red. Canada balsam was 
found to be useless as a mountant, because of its hea\^ and complex 
absorption spectrum. 

Solutions and liquid specimens of extracts were examined in a rock- 
salt ceil about 85^ thick, or evaporated from the solvent to give a thin 
film on rock salt, or (in the case of strongly absorbing materials) squeezed 
between two rock-salt plates to give a capillary layer probably only a 
few fi thick. Aqueous solutions have not yet been attempted as this would 
restrict us to the fluorite region below 10 /x, and even here the absorption 

^ Sutherland, Fellgett and Willis, The Ultra-fine Structure of Coals and Cokes, 
B.C.U.R.A., 1943. 

-We ai'e indebted to I.C.I. (Paints) Ltd., for the halothene used in these 
experiments. 
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of the wat^r is so strong that considerable limitations would be placed on 
the spectra obtainable. 

A film of p3n:idine extract was prepared on a rock-salt plate by deposi- 
tion from a pyridine solution, the solvent being removed in a vacuuni 
dessicator. No satisfactory spectrum of the absorption of the film was 
obtained, although several thicknesses were tried, because the scattei'ing 
of the particulate film masked all but the strongest bands. 

An attempt was made to examine a finely powdered coal suspended 
in Nujol — a technique often very successful with solids which cannot 
be dissolved in suitable solvents or prepared as thin films — but the results 
were very disappointing. The scattering was so great, even in Nujol, 
that no satisfactory spectrum could be obtained. 

For the preparation of thin sections it has been found that while wet 
grinding, followed by polishing, was the most rapid and efficacious method 
of getting the thickness dowm, the surface of such a section on drying in 
a vacuum desiccator became criss-crossed with fine cracks. This was, 
presumably, due to non-uniform shrinkage on desorption of water. , Dry 
grinding avoided this effect, but considerably lengthened the process. 

A slice of coal about 25 mm. square and between 3 and 6 mm. thick 
was cut from a lump, care being taken to select a region containing wide 
bands of vitrain (the most homogeneous of the macro-petrological con- 
stituents) and with the minimum of visible cracks or cleavage planes.' 
One face of this rough slice was ground on successively finer grades of 
emery paper stretched over plate glass, the surface being rotated through 
CfO'" vdth each change of paper to eliminate scratches. The final polish 
was obtained on ‘'selvyt” cloth (stretched over plate glass) which had 
been uniformly dusted with dry Goddard’s Plate Powder. 

After removing as much adsorbed water as possible by leaving in a 
vacuum dessicator for i day, the slice was immersed in a 20 % solution 
of halothene in xylene, over which the pressure was reduced with a water 
pump in order to fill any cracks with halothene. This process strengthened 
the coal and eliminated any air which would otherwise appear as bubbles 
when the slice was mounted on the fluorite plate. The solvent was evapor- 
ated off under a vacuum and the slice was mounted on the plate with a 
concentrated solution of halothene in xylene, the slice, plate and mountant 
being previously warmed. The coal slice was pressed on veiy tightly in 
order to give the minimum thickness of halothene, and placed in a vacuum 
dessicator for about 24 hours to remove the solvent. The mounted slice 
was then ground down on emery paper as before until it was about ot mm, 
thick. The final polishing was carried out with great care and continued 
until the section looked reddish brown by transmitted light. A rough 
measurement of the thickness of the section was made with an accurate 
micrometer. The sections were kept in a dessicator to avoid adsorption 
of water. 

The pyridine extracts were prepared by refluxing the powdered coal 
{-72 British Standard Sieve) with dried and redistilled p5n:idme for 3 hours, 
filtering, and concentrating by distilling off about 90 % of the pyridine. 
Approximately 10 % by weight of the coal was extracted by this process, 
and the concentrated solution used to obtain the spectrum contained 
30 % Ly weight of the extracted '' coal material.” 

Humic acids are prepared from coals by mild oxidation (of the finely 
powdered samples) with reagents such as hydrogen peroxide, alkaline 
potassium permanganate, etc.' In this case 20 % hydrogen peroxide was 
used, and the humic acitis formed were extracted by adding 10 % sodium 
hydroxide solution, filtering, and precipitating the acids with hydrochloric 
acid. The precipitate was filtered off, washed and dried. A 30 % solution 
(by weight) in pyridine was used to obtain the infra-red absorption 
spectrum. 

The " shock-heater ” films were prepared at the British Coal Utilisa- 
tion Research Association Laboratories. The powdered coal was contained 
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in a copper boat and was shock-heated " by passing large transient 
currents through filaments suspended above the coal. A high vacuum 
was maintained and the products were deposited on a rock-salt plate 
placed between the coal sample and a condensation trap cooled by solid 
CO2. This film was continuous, transparent and dark reddish brown by 
transmitted light. 

The pitch distillate extracts were supplied by Dr. A. S. C. Lawrence, 
who had prepared them in the following manner. The fraction boiling 
between 296^ and 326° C, of a Metrocoalite Low Temperature Tar was 
extracted with petrol ether. The resinous residue (about |) was vacuum 
distilled and the first fraction was a sticky oil (sample D). When this 
was treated with 25 % KOH, about one-third was dissolved, The re- 
covered saponified material was distilled under atmospheric pressure and 
boiled between 340° and 365° forming a very viscous liquid (sample B). 

General Description of Spectra. 

A representative selection has been made of the spectra so far obtained 
and these are reproduced in Figs, 1-5. The details of the specimens and 
of the conditions under which the absorptions were measured are given 
in Table I below. Although some work has been done on the spectra of 

TABLE I. — Details of Specimens and Correlation with Diagrams 

OF Spectra. 


specimen. 

Absorption Conditions. 

Region of 
Spectnim. 

Figure 

No. 

Thin section of Warwickshire 
Bright Coal (Ryder seam) 
vitrain bands 

Section c. lo/x thick 
mounted on fluorite plate 
with halothene 

I-IO/i 

I 

Pyridine extract of Warwick- 
shire bright coal (Ryder 
seam) 

30 % coal material in con- 
centrated extract. Capil- 
lary layer between rock- 
salt plates 


2 

Humic acids prepared from 
Warwickshire bright coal 
(Ryder seam) 

Shock-heater " vacuum 

distillate from Warwick- 
shire bright coal (Ryder 
seam) 

30 % solution in pyridine. 
Capillary layer between 
rock-salt plates 

1-15;^ 

3 

Thin film deposited on rock- 
salt plate 


4 

Resinous fractions vacuum 
distilled from coal tar in 
the pitch range 

Melted to give capillary 
layer between rock-salt 
plates 

I-I5M 

5 


coals of varying rank and their extracts, this work is not yet complete 
and we confine ourselves here to one low rank coal (Wanvicksliire bright 
coal from the Ryder seam) giving the spectrum of (i), a thin section (Fig. 
I ) ; (2) the pyridine extract (Fig, 2) ; (3) the humic acids (Fig. 3) ; and (4) 
a " shock-heater " distillate (Fig. 4). In Fig 5 we have reproduced the 
spectra again on a smaller scale to enable comparisons to be made more 
readily and we have added here the spectra of two pitch distillates supplied 
by Dr. Lawrence. In Fig. i the spectrum of a thin film of halotheneis shown 
in miniature along the foot of the diagram, as halothene was the mountant 
use d for this section . The thickness of the coal plus halothene film was about 
20/i and the halothene was roughly estimated as i o ju,. There are accordingly 
certain portions of the spectrum (above halothene bands) which are un- 
certain as regards intensity and these have been indicated ’\vith a broken 
line. Again in Figs. 2 and 3 the pyridine spectrum is shown in miniature 
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-Spectrum of pyridine extract, Warwickshire bright coal, Ryder seam. Inset — Residue from pyridine distillation. 
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Fig. 4. — “ Shock heater ” film, Warwickshire bright coal, Ryder seam. 
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and the less certain portions of these spectra are similarly indicated. The 
accurate subtraction of the halothene and. pyridine spectra is a matter 
of some difficulty, particularly as in the case of the spectrum in Fig. z 



it is not the spectrum of pure pyridine which is involved but that of pyridine 
in which impurities have been concentrated by distillation to the same 
degree as in concentrating the coal extract. The pyridine used obviously 
contains a little impurity from the presence of the band (OH .^) at 
and (a-picoline ?) at 1375 cm.^h 
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The spectra have been set out partly on a linear wave-length scale 
(i to 7'5 jll) and partly on a linear wave-number scale (1700 to 700 
i.e. 5*7 to 14*3 /i). From a theoretical standpoint a linear wave-number 
scale should be used throughout, but the resolving power so far employed 
in the i to 7*5^ region hardly justifies its use at this stage since it might 
give a misleading impression of the accuracy in frequency determination. 

Interpretation. 

The general interpretation of these spectra is straightforward but the 
detailed interpretation is most difficult. Following the usual lines ® for 
complex molecules, it is easy to make certain rough assignments, viz. : 


CUiss. 

Posifioii . 1 

Assignment. 

Hydrogenic valency vibrations 

Double and triple bond vibrations . 

Lb^drogenic deformation vibratiolis . 

fyo-yo5p 

\3‘2-S'3p 

5'9P 

(jypj 
&gp \ 

7 '25m 

i 

OH- and NH- 
CH 

C=OinCOOH ' 
— C=C— C=C— 
in aromatic ring 
CH, and CHy 
groups 

CH 3 group 


These have been indicated on Fig. 5- In the region beyond we 
are generally dealing with skeletal frequencies which cannot be assigned 
to particular bonds. 

We shall now consider the separate regions of absorption in detail 
starting from the short wavelength end of the spectrum. It will be noticed 
that the spectra of the coal section and of the " shock-heater distillate 
differ from all the others in showing a sharp rise in absorption in going 
from 3 to T/i. This is almost certainly a scattering effect indicating that 
material must be present in both cases in the form of small particles (cf. 
the effect of carbon black on the absorption spectrum of rubber . 
Further work should give an estimate of the particle size. 

The OH Valency Vibration. — It will be noticed that the absorption 
band of highest frequency (of appreciable intensity) in all the spectra 
occurs very clo.se to 3 /a (3300 cm. Wffien OH and NH bonds are present 
ill the iinassociated state, one normally observes bands near 2-75 and 2^8^ p 
respectively. When association takes place the frequencies are lowered, 
the bands become broader and shift to 3‘0-3-3ja. The band at is 
accordingly assigned to hydroxyl absorption -with the hydrogen of the 
hydroxyl bonded to some other atom. There may also be some ab- 
sorption due to NH bonds similarly associated (or even unassociated — 
cf. ethyleneimine ^ band at 3-01 p) superimposed on the hydroxyl absorption, 
although the analysis ® of the coal shows that this is likely to be small. 
It is interesting that the intensity of this OH absorption varies with respect 


" Cf. Barnes, Gore, Liddel and Williams, Infra-Red Spectruscopv. Reinhold, 
1944 ^ ' 

* Sheppard and Sutherland, accompanying paper in this discussion on Rubber. 
^ Thompson and Harris, J. Chem. Soc., 1944 , 

® Analysis of Warwickshire bright coal, R 5 ''der seam (supplied by Analytical 
Laboratory of B.C.U.R.A.). 


Volatile matter (dry ash free) 

Carbon (dry mineral free, Parr's basis) 
Hydrogen ,, ,, ,, ,, 

Oxygen ,, ,, ,, 

Nitrogen ,, 

Approx, atomic ratios referred to oxygen ~ i 


38 per cent. 
Si 


.5-0 I. 

12*3 .. 

^H-sIlG'sDNQ.ig 
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to the neighbouring CH absorption at 3-4/^ in the different specimens. 
Thus the OH/CH ratio would appear to be greater in this coal than in its 
pyridine extract. The humic acids show strong OH absorption in addi- 
tion to COOH. The “ shock-heater distillate still shows considerable OH 
absorption as do the pitch distillates. It is therefore unlikely that mucli 
of this OH absorption is due to adsorbed water, although some of the 
difference between coal and its pyridine extract may possibly arise from 
this cause. Further work is required with higher resolving power to 
separate out any overlapping bands here before definite conclusions can 
be drawn. 

The GH Valency Vibrations,-*-The band associated with this vibration 
lies adjacent to and on the long wave side of the OH frequency. It will 
be noticed that in the case of the pitches there appear to be two CH bands, 
the weaker lying at 3 *25-3 *3 /a, the stronger at approximately 3-4^. The 
coal section also shows a shoulder (at approximately 3*2pt) on the side of 
the OH band, and the coal section, the pyridine extract and the humic 
acids all show strong absorption at 3*4/1. It may well be that the weaker 
absorption at 3*2 p. is present in the two latter but is lost in the general high 
level of absorption of the two pyridine solutions. The normal position 
for the CH band in a saturated hydrocarbon is 3‘4/i. However, in un- 
saturated hydrocarbons (including aromatics) some of the CH frequencies, 
arising from CH bonds adjacent to an unsaturated bond, occur at a shorter 
wavelength (c. 3*25/x). The appearance of the bands around 3*25/4 in the 
pitches and coal section is therefore an indication of some degree of 
unsaturation (including aromatisation) . Higher resolving power is again 
required in order to get the full information available from this portion 
of the spectrum. Thus it may be possible to estimate the degree of 
aromatisation from an intensive study of this region. 

The C=0 Frequency.— The only spectrum showing a C =0 frequency 
is that of the humic acid extract. The band here is at 5*9/4 (1695 cm.-^j, 
the normal position for this band in carboxylic acids. ^ The possibility^ 
of absorption due to C =0 bonds occurring beyond 6/4 and so overlapping 
C— C absorptions, camiot be ignored, but the absence of any strong 
absorption band between 5*6 and 5*7/4 (1750 cm.-^) can be taken as a fairly 
definite proof that C =0 in the ester form and acid anhydride form is 
absent from all the materials examined. 

The G=G Frequencies. — ^Although it is well known that any molecule 
with a C==C bond has a frequency near 1650 cm,-i (6*05/4), the variation 
of this frequency with the environment of the bond is still a subject for 
investigation both on the experimental and theoretical side. From the 
observational side the established facts are that in simple unsaturated 
aliphatic hydrocarbons the frequency is remarkably constant around the 
value of 1650 cm.-i, but when conjugation occurs the frequency is lowered 
to about 1600 cin.-^ (6-25/4). In hydrocarbons containing one benzene 
ring there is (with the exception of some of the simple para disubstituted 
benzenes) always an absorption band at this same wavelength (6*25/4). 
This is assigned to a mode of vibration of the aromatic ring, which is 
principally controlled by the C — C force constants. Whether the fre- 
quency persists in molecules containing several benzene rings fused 
together is not yet known. It might be expected to be modified to lower 
values as the number of condensed rings increases, and this point is now 
being investigated. For the present, it is reasonable to assign the band 
at 1620 cm.-^ (6*2/4), which appears in the spectrum of coal and its 
extracts to the presence of simple . aromatic material. It will be noticed, 
however, that in the spectra of the thin section, the pyridine extract and 
shock-heater distillate, there is a band at 1575 cm. {^’35 f^)- This 
band may either be due to some characteristic substitution or linking 
of the aromatic rings (e.g. it has been found by us in several diphenyl 
compounds), or it may indicate a more highly condensed aromatic com- 
ponent in the coal structure for which the frequency at 1600 cm.-^ (6*25/4) 
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•cliaracteristic of simpler aromatics has been lowered in the manner just 
indicated. 

The new frequency we come to in this region is the one at 1500 cra.”^ 
present in the two pitch distillates and in the " shock-heater ^distillate. 
This is again a frequency characteristic of all the simple aromatics. It is 
in general much more intense than the 1600 frequency and the re- 

versal of the intensity here probably means that there is something con- 
tributing to the absorption at 1600 cm. as well as the aromatic ring 
{e.g, conjugated double bonds in chains or rings outside the aromatic ring). 
The fact that the 1500 cm.-^ frequency has not been observed in the other 
spectra reproduced here should not be taken to mean that it is absent. 
The general level of absorption is so high in these other spectra that a 
weaker band might easily be masked in the thicknesses we have employed. 
Moreover pyridine has absorption in this region which makes the detection 
of this band difficult in cases where it is used as a solvent, 

GH Deformation Frequencies. — In saturated hydrocarbons these occur 
close -to 1460 cm, -1 (6*85/^) for CHg and CH3 groups and to 1380 cm. 
(7*25^) for CH3 groups. When the hydrogens are attached directly to 
carbon atoms on a double (or conjugated double) bond, the deformation 
frequencies are not so constant in position and may occur with as low a 
frequency as 890 cm. -i. The correlation rules for the latter are not yet 
entirely clear and so we shall not consider them here. The fact that all 
the materials show strong bands very close to 1450 cm. and 1380 cm. 
is strong evidence for the presence of a considerable proportion of methyl- 
ene and methyl groups in their component molecules. It may be significant 
that pitch distillate D shows the methyl group frequency more intense 
than pitch distillate B, but it would be premature to draw conclusions at 
this stage, since bands can occasionally occur at 1375 cm. which are 
quite unconnected with methyl groups. 

Region of Skeletal Frequencies. — No assignments can be attempted 
here which would be of any value. It is interesting to note, however, 
that in tiiis region the spectrum of the coal section differs from that of 
the pyridine extract and also from that of the " shock-heater distillate. 
The spectrum of the last, while markedly different from the two former, 
is not dissimilar in general character to the spectra of the pitch distillates. 
It might seem reasonable to conclude that while the pyridine extract of 
coal differs spectroscopically from the parent coal, it does resemble the 
coal more than a distillate obtained by shock heating, but it must be 
remembered that in this particular case the amount of the coal extracted 
by the pyridine was only 10 %. Further work is required to test whether 
the spectra of pyridine extracts, which contain higher percentages of the 
coal (obtained by prolonged pressure extraction) are the same as those 
obtained by gentler treatment. It is important to notice that all the 
coal extracts and distillates ^(including humic acid) contain strong bands 
between 1200 and 1250 cm.-^, which are either not present or are much 
weaker in coal.’ It is also probably very significant that the further one 
purifies the extract (e.g. pitch distillates) the greater is the number of 
separate absorption bands which become discernible in this region, in- 
dicating that in the parent coal and in the extracts obtained by less drastic 
methods, there are probably several constituents, the bands of which are 
smeared out into a continuum. 

General Remarks and Conclusions. 

In addition to the work reported here, it may be mentioned that some 
thin sections of coals of higher rank have been examined and all show 
spectra similar to the one in Fig. i. Although definite differences are 
discernible, further work is required on several more specimens to ensure 

’ Such bands are common to many aromatic ethers. 
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that these differences can be correlated with the rank of the coal. It 
should also be remembered that coal is by no means homogeneous, and 
we have, in fact, found differences bet'\^^een one part of a section and 
another. Thus progress in the spectroscopy of coal will be slow' until the 
preparation of the sections is made easier. Another difficulty in con- 
nection ivith the spectra of thin sections of coal is the possibility that in 
grinding and polishing, the local high temperatures developed ma^r cause 
Home alteration in the coal material and the spectra we have obtained 
are really those of coal plus a thin surface film of " melted ’’ coal.. On 
the other hand, in the p3n:idine extracts of coals of various ranks, most 
of these difficulties are avoided. It is worth noting that the spectra of 
p;yn*idine extracts of coals of varying rank w^ere more similar than the 
spectra of the parent coals, indicating that similar materials are extracted 
by pyridine from all coals. 

The general conclusion from this work is that infra-red analysis can 
profitably be applied to coal and its extracts. As the technique improves 
and as more data become available on the spectra of pure compounds, it 
should be possible to estimate the proportions of various groups present 
in coal, such as OH, C= 0 , CH (attached to saturated and unsaturated 
carbon atoms) and even degree of aromatisation. Ultimately one may 
hope that the basic structural unit wull be identified and at least valuable 
information will be obtained concerning the chemical groupings present 
in such a unit. If there is no predominating unit in the coal structure, 
chemical and physical methods now being pursued will presumably enable 
some separation of the various units to be made and infra-red analysis 
■will be of great value in following this separation and finally identifying 
the separate units. 


Summary. 

Infra-red absorption spectra have been obtained with a rock-salt 
prism spectrometer between i/i. and 14 ja for. a low rank coal — 

(a) in very thin section, 

(&) in pyridine extract, 

(c) in a " shock-heater ” film. 

Spectra have also been obtained of humic acids from the same coal and 
of pitch distillates. The spectrum of this coal differs from that of its 
pyridine extract and its “ shock-heater '' distillate. The following chemical 
groups can be identified in these spectra, viz., OH (with hydrogen bonded), 
CH (aliphatic and aromatic), C =0 (in humic acids) and the 
— C=C — C=C — in aromatic rings. Further work under higher re- 
solving power should enable one to estimate some of these groups in coal 
and its extracts. 

This work represents part of a programme of research on the spectra, 
of coals carried out for the British Coal Utilisation Research Association 
in the laboratory of Physical Chemistry, Cambridge, by kind permission 
of Professor R. G. W. Norrish, F.R.S. ; thanks are due to the Programmes 
Advisory Committee of B.C.U.R.A. for permission to publish. 

The authors are also indebted to R. H. Smith (B.C.U.R.A.) for the 
preparation of the humic acids and the ''shock-heater'' film, to W. J. 
Edwards (B.C.U.R.A.) for advice on the preparation of thin sections, and 
to Ur. A. S. C. Lawrence for the pitch distillate extracts. 

Laboratory of Physical Chemistry, 

Cambridge. 



SOME NEW PECULIARITIES IN THE INFRA-RED 
SPECTRUM OF DIAMOND. 

By G, B. B. M. Sutherland and H, A. Willis. 

Received Q.oth November, 1944, 

The discovery in 1934 by Robertson, Fox and Martin^ of two types of 
diamond differing in infra-red absorption and several other physical 
properties, stimulated much research in this field but there is still no satis- 
factory explanation of the difference between the. two t3^es. Since no 
work has been done on the infra-red spectrum of diamond since that of 
Robertson, Fox and Martin,^ it was considered worth while to investigate 
a number of new diamonds made available by Dr. R. Winstanley Lunt in 
connection with parallel research which he is carrying out on the mechanical 
properties of diamond. Although only six diamonds have so far been 
examined several new features have been revealed to which we should 
like to draw attention. 


Experimental. 

Of the six diamonds examined three were Type I (V.M, gi, la and 16), 
and three Type II (BP4, BP7 and D22) as judged by their transmission in 
the ultra-violet. The infra-red spectrum of each of these has been investi- 
gated with a rock salt prism instrument of high resolving power between i 
and 14 /X. The results for the t3pe I diamonds are shown in Fig. i. 
Considerable care was taken to get the intensities accurately since all these 
diamonds had flat parallel (octahedral) faces and it was felt that one of the 
few aspects not considered by Robertson, Fox and Martin ^ was the ab- 
solute intensities of the infra-red bands. It will be observed that the 
spectra of the three diamonds have the following qualitative features in 
common : — 

(1) Strong bands at 4-0, 4-6 and 5*0 /i. * 

Strong bands at 7*78 and 3*3 /i. 

(2) Medium bands at 2*8 and 3*15 /x. 

Medium bands at g’05 

All these features, with the exception of the 9*05 jx band, were reported 
as common to type I diamonds by Robertson, Fox and Martin.^ The 
bands at 7-78 and 8*3 ^ are the particular ones which are absent in type 
II diamonds. It might be expected that the intensities of these bands, 
which are the distinguishing characteristic of all type I diamonds, would 
, be proportional to the thicknesses of the specimens, but this is clearly not 
the case. Although in the tliickest diamond VMgi, (2-15 mm.) these 
bands are most intense, in la (thickness 1-205 inm.) and 16 (thickness 
1*165 mm.) the intensities are anomalous in that the thinner diamond 
shows the greater absorption. The same is true of the 9*05 ^ band and 
generally for wavelengths beyond 9 /x. On the other hand, for bands at 
wavelengths below 6 fx the intensities of the bands common to the three 
diamonds are related to the thicknesses of the respective diamonds in the 
normal way. 

In addition to these quantitative difierences there are several interesting 
qualitative differences in the spectra of these three diamonds of type I. 

^ R. Robertson, J. J. Fox and A. E. Martin, Phil. Trans., 1934, 4^5* 

2 Ibid., Proc. Roy. Soc. A, 1936, 157A, 579. 
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For instance, VM91 and Ih each show a small band at 7*27 ^ which was 
also reported by Robertson, Fox and Martin/ whereas in la this band is 
absent but another band appears at 7*08 /x. Again VM91 and Ih each 
have a weak band at 9*9 (also noted by Robertson, Fox and Martin) 
which, however, is absent in la. There are other obvious differences be- 
tween the three spectra in Fig*, i, but as these are of a minor character and 
are closer to the limit of experimental error we shall not particularise them 
here. 

The spectra of the three type II diamonds examined are not reproduced, 
as the transmission of all three was never more than i or 2 % throughout 
the whole range of the spectrum with a complete blackout between 4-5 
and 5 /X. MOiether this is a real continuous absorption or merely an 



Fig. I. — The Infra-red Absorption Spectra of Type I Diamonds of Various 
Thicknesses — VM 91 (2*15 mm.), la (1*205 mm.) and lb (1*165 mm.) — be- 
tween I and 14 /X. 

intense scattering effect is still to be determined. These diamonds were 
admittedly all very * Tough " in comparison with the three of type I which 
had perfectly parallel faces and no imperfections in the regions used for 
transmission ; nevertheless, it seems unlikely that scattering can entirely 
account for this failure to transmit over so wide a range. One of these 
diamonds had previously been examined by Robertson, Fox and Martin 
(D22, in their notation). They did not remark on this peculiarity and the 
only type II diamond of which they illustrate the spectrum (D2, thickness 
2*09 mm.) shows about 60 % transmisson in the region from 7 to 14 /x.* 
We might add that our three t3rpe II diamonds were all examined in the 
ultra-violet and showed the usual transmission down to 2250 a. although 
an exposure time roughly ten times that required for VM91 was needed to 
get comparable intensities in the regions of the spectrum where both t5qpes 
are free from absorption bands. 

Discussion. 

Although much attention has been given to the Raman spectrum of 
diamond and in particular to the explanation of the strong Raman line 

*Note added in Proof. — Sir Robert Robertson has since kindly informed us 
that D22 gave a transmission of about 55 % in this region but that very careful 
positioning was required. We have not yet had an opportunity of re-checking 
our results. 



G. B. B. M. SUTHERLAND AND H. A. WILLIS 


291 


at 1332 little consideration ixas been given to the detailed explana- 

tion of the infra-red spectrum since the original discussion by Robertson, 
Fox and Martin.^ These authors suggested that the infra-red and Raman 
frequencies below 7 /u, might be interpreted in terms of four fundamentals, 
viz. : — 

== 1332 cm.-^ (Raman) 

= 2095 cm.-^ 

1/3 = 2481 cm.“^ 

— 84 cm.-^. 

vSince that time theoretical and experimental evidence has accumulated 
to show that the possibility of any molecule (or molecular lattice) built up 
from C — C single bonds having fundamental frequencies higher than 
1 500 cm. is extremely small. The valency vibration of the C — C bond in 
ethane is close to 1000 cm.-^ and any system of identical coupled oscillators, 
all having such a frequency in the uncoupled state, may be expected to show 
a spread on either side of (at the most) a few hundred cm. Naturally, 
on the low frequency side there will also be new frequencies arising from 
the deformation motions of the carbon atoms in which the inter-nuclear 
distances are not so much affected, but in no circumstances can fundamental 
frequencies as high as 2000 cm.-^ be produced. 

The first step in the explanation of the vibration spectrum of diamond 
was the suggestion by Nath® that the Raman frequency at 1332 cm-^ 
could be interpreted as the relative vibration of the two cubic face centred 
lattices whose superposition gives the diamond lattice. He thus accounted 
for the appearance of this frequency in the Raman spectrum and its absence 
in the infra-red. He did not explain however, the rich infra-red spectrum 
nor the anomaly of type I and t3rpe II diamonds. More recently, a com- 
pletely new theory of the diamond lattice has been proposed by Raman,-* 
Bhagavantam ® and Chelam ^ based on eight fundamental frequencies for 
the diamond lattice. In order to obtain agreement -with observations on 
ultra-violet absorption,’ fluorescence,® Raman spectra ® and specific heat 
the following values have been assigned to these eight fundamentals : 

565, 784, 1013, 1088, 1149, 1248, 1284, 1332 cm, 

Without going into the details of this theory, we would point out that such 
an assignment leaves unexplained the prominent infra-red absorption 
bands at 9*05, 8-30 and 7*27 (i, i.e., 1105, 1208 and 1376 cm.-b 

With reference to the differences observed between type I and type II 
diamonds, Raman has recently suggested that there are four types of 
diamond, two having lattices with tetrahedral symmetry, the other two 
having lattices with octahedral symmetry. According to Raman ** the 
characteristic frequency observed in the Ramaii spectrum at 1332 cm.-* 
in all diamonds will be forbidden in the infra-red of diamonds with octa- 
hedral symmetry but allowed in those with tetrahedral symmetry. Raman 
states that this frequency is -observed in the infra-red spectra of the majority 
of diamonds thus associating his tetrahedral diamonds Avith the ri'pe I 
diamonds and his “ octahei-al ” diamonds with t5,q)e II diamonds. We 
would emphasise that the Raman frequency at 1332 cm.-* does not co- 
incide with any strong absorption frequency in the infra-red. The maxi- 
mum of the infra-red absorption in tlfcs region (7*78 fj) occurs at a fre- 
quency of 1285 cm.-* and not, as stated by Raman,** “ between 1350 and 

® N. S. N. Nath, Proc. Jnd. Acad. Sci., 1934, i, 333. 

^ * C. V. Raman, ^6^^^.,I943, i8, 237. 

® S. Bhagavantam, ibid., 1943, 18, 251. 

®E. V, Chelam, ibid., 1943, 18, 257, 327 and 334. 

’ K. S. Bai, ibid., 1944, 19, 253. ® A. Mari, ibid., 1944, 19, 232. 

,®R. S. Krishnan, ibid., 1944, * 9 t 216. 

B. Dayal, ibid., 1944, 224. ,.• ** C. V. Raman, ibid., 1944, 19, 189. 



293 


INFRA-RED SPECTRUM OF DIAMONDS 


1300 cm.-^ '' (7’4^ 7*^9 h]- On the other hand, weak Raman fre- 

quencies have been reported at 1288 and 1382 cm.-^ which coincide with 
the infra-red frequencies of 1285 and 1376 cm.-^ within the limits of ex- 
perimental error. 

The difierences which we have observed between the infra-red spectra 
of various type I diamonds might have been expected from the fact, that 
t}pe I diamonds diher considerably in the ultra-violet,^, ’ However, on 
examining these three diamonds in the ultra-violet it was found that la 
and VM91 were similar (in having bands at 3160 a., 3085 a. and 3064 a) 
while I& was different (having no such bands). Thus differences in the 
ultra-violet do not correspond with those in the infra-red. The recent 
work of Rendall has shown that a single diamond may not be uniform 
in its ultra-violet transmission. The same phenomenon may be anticipated 
in the infra-red, although it will not be possible to demonstrate it so 
beautifully. Ttds aspect is now being studied. In the meantime, we 
would point out that the anomalies in the intensities of absorption bands 
common to la and Tb in the infra-red could be explained on these grounds 
if la had portions of type II in its structure or if there are two classes of 
type I having different intensity relationships in the anomalous bands. 

In an interesting and valuable survey of the facts concerning the various 
physical characteristics of type I and type II diamonds, Lonsdale has 
pointed out that X-ray work shows type I diamonds to be generally more 
/'perfect" in structure than type II to which must be attributed a 
" mosaic structure. This does not explain the difference in the infra-red 
spectra of the two types near 8 /it (as Dr. Lonsdale herself points out), but 
it might explain greater scattering by t3pe II diamonds, which appears to 
be a property of the three type II diamonds examined by us. We do not 
propose to ofer any new explanation at this stage either of the general 
interpretation of the vibration spectrum of diamond or of the general 
division into two types on spectroscopic grounds. From the new results 
which we report here on a few diamonds it is clear that much more experi- 
mental work is required in the infra-red to establish all the facts before 
embarking on fresh theories. Our purpose in this paper was to call atten- 
tion to some new facts and to stress the serious discrepancies wliich exist 
at present between theory and experiment in the infra-red spectra of 
diamonds. 


Summary. 

The infra-red absorption spectra of six diamonds have been investigated 
between i and 14 ^ using a rock salt prism spectrometer of high resolving 
power. Three of the diamonds were of Type I and three of Type II. In 
all three type I diamonds a new absorption band has been detected at 
9*05 while one diamond has a new band at 7*08 fi not hitherto 
reported by other observers. This same diamond lacks a band at 7*27 ^ 
common to the other two diamonds. The relative intensities of the 8 /a 
^oup of bands are anomalous in two of the type I diamonds, being more 
intense in the thinner specimen. Some of the discrepancies existing be- 
tween the current theories of diamond structure and the infra-red absorp- 
tion data are discussed. 


Luhoraiovy of Physical Chemistry, 
Cambridge, 


X! ^tia'gavantam, Ind. J. Physics, 1930 5(2), 573. 

C. R. Rendall, Proc. Ind. Acad. Sci,, 1944, 10, 293. 
Lonsdale, Nature, 1944, 153, 669. 
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GENERAL DISCUSSION. 

Sir Robert Robertson (London) said that on reviewing his records of 
the infra-red spectrum of the band about 8 y., he confirmed that on some 
■diamonds of the ordinary kind (Type i) there was a small fringe, as found 
by the authors, at 9-05 y. The wavelength difference between this and 
the nearest tip of 'the band was slightly greater, 103 than that 

between the two tips, 81 cm.~^, and than between the fringe on the other 
side of the band and the nearest tip, 83 cm.-^. 

He thought it would be interesting to follow up the differences in 
intensity of the absorption bands, but recommended duplication of the 
readings with different settings, the importance of which is brought out in 
the footnote.^ 

He agreed with the authors that Raman was not justified in identifying 
the Raman frequently with one in the infra-red. When his work was 
being done such a coincidence was searched for, but his colleagues and he 
had rejected the identity of position, as is brought out in their main paper 
(reference i). 

If this is so, Raman's use of the Placzek selection rules, in his endeavour 
to assign different symmetries to the two types of diamond, cannot be 
upheld. 


BOND TORSION IN THE VIBRATIONS OF THE 
BENZENE MOLECULE. 

By R. P. Bell 
Received iind Jamtary, 1945. 

Of the 20 fundamental vibration frequencies of the benzene molecule, 
II are active in either the Raman or the infra-red spectrum, and can be 
identified with certainty. Nearly all the remainder can be plausibly 
identified with weak lines appearing in the spectrum of liquid benzene 
(in violation of the selection rules), using the information obtained from 
the spectra of deuterated benzenes. The most recent and complete as- 
signment is that of Pitzer and Scott. ^ The simplest normal co-ordinate 
treatment which has been carried out is that of Wilson, ^ using a valency- 
force potential function containing six constants. Wilson's numbering 
of the frequencies has been followed by most subsequent authors, and 
will be used here. • His equations have been compared with the numerical 
■data for benzene by Lord and Andrews. For the 14 planar vibrations 
there are no discrepancies greater than 10 %, which is as good as could 
he expected for a potential function without cross terms. On the other 
-hand, the agreement is much worse for the six out-of -plane vibrations. 
The equations involve two force constants, one (h) corresponding to 
valency bending about a single carbon atom, and the other («:) to twisting 
of the benzeiioid bond between two carbon atoms. Lord and Andrews 
used the observed values 849 cm.-^, = 400 cm.-^ to obtain the 

two force constants, which were then used to calculate the remaining 
out-of -plane frequencies. The first three columns of Table I show the 
comparison with Pitzer and Scott's assignment. 

The large discrepancies found have been attributed by some authors * 

^ Pitzer and Scott, J. Amey. Chem. Soc., 1943, 65, 814. 

- Wilson, Physic. Rev., 1934, 45» 

^ Lord and Andrews, J. Physic. Cherv., 1937, ^49* 

^ Crawford and Edsall, /. Chem. Physics, 1939, 7, 223. 
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to large interactions between difierent parts of the benzene ring. The 
discrepancy between and is particularly striking, since, in Wilson's 
treatment both frequencies involve only the one force constant h. There 
is also a serious difficulty connected with the value given by Lord and 
Andrews for the torsional force constant tc. Expressed in dyne cm. /radian 
this has the value 4-9 X while the corresponding value for ethylene, 

derived from the twisting frequency 825 is 1-7 X It seems 

TABLE 1 

Observed and Calculated Frequencies in cm,“^. 


Frequency. 

Observed. 

Calc. 

(Wilson). 

Error. 

Calc, 

(Bell.). 

Error. 

: : 

6S5 

538 

~2I% 

610 

-n% 

10x6 

1520 

+ 50% 

1120 

+10% 

Ejg - 

849 

(849) 


(849) 

-^2U J'll * 

671 

783 

+ 17% 

(671) 

— 

]£ • 

400 

(400) 

— 

370 

, - 7% 


985 

1160 

+ 18% 

1060 

+ 8% 


very unlikely that the resistance to twisting should be three times as great 
in the benzenoid C — C as it is in ethylene, since the benzenoid link has 
only partial double-bond character. 

All these difficulties can be removed by taking a more reasonable 
physical picture of the torsional potential energy. Considering torsion 
of the bond Ca — Cg in Fig. i(«), Wilson's treatment takes into account 
only the relative twist of the two bonds Co — Ci and G3 — However, 
there is no physical justification for neglecting the relative twivSt of the 




bonds Ca — C3 — H3, 
especially since the hydro- 
gen atoms will usually 
move through greater dis- 
tances than the cai'bon 
atoms. If we are to use 
only one torsional force 
constant, the best measure 
of the net torsion about a 
given C — C link is q- 


Fig. i(a). Fig, i(&). where and respec- 

tively the relative angular 
twists of the C— C and C — -H bonds attached to the given link, signs 
being taken into account. The potential energy of the out-of -plane 
vibrations can then be written as 


(i) 2V -}- Sk^{(f>Q 

where g, is the angle between a C — H link and the plane of the three ad- 
jacent carbon atoms, and d is the length of the C— H link. The equations 
for the frequencies are then as follows, where 


A = 47rV^ a = radius of carbon ring, jS = ajd, Q ^ 4 A 73 ^^^ M = mass of 
carbon atom, m = mass of hydrogen atom. 

(2) F3g(^4,5) - \[k{M + m{p -f -f + m{p - 2)“}] 

-j- 144!^^ ~ ^ 

(3) Eig(vio) MmX = (^ + PQ){M 4 ~ m{p -h 

(4) Mm'X — h(M -p m) 

(5) EauKfi, 17) 

-f 48^50 = a 

^ Gallaway and Barker, J, CheiTi. Physics , 194T, 10, iiS. 
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With the exception of A^n, these equations differ from those of Wilson, 
and in particular £'ig(pio) now involves the torsional constant 0 . This 
point can be seen qualitatively from Fig. i(&), which represents the simplest 
form of this degenerate vibration. There is no torsion in the carbon 
skeleton, which rotates as a whole without deformation, but there is a 
relative twist of the C — links about four of the C — C bonds. 

The force constant h is obtainable directly from (4) by putting = 671, 
and the torsional constant can then be obtained by assuming one other 
frequencj^. We have taken = 849 in preference to = 40O1 since the 
latter appears only in violation of the selection rules, and its assignment 
is less certain. This gives h = 2*44 x lo^ dynes/cm., k' = 7*7 X 
'dyne cm./radian. The remaining frequencies can then be calculated 
from equations (2) and (5), giving the values in the last two columns of 
Table I. The agreement with experiment is much better than for Wilson’s 
equations, being about as good as for the planar vibrations. It becomes 
even better if we re-assign some of the weak infra-red bands of liquid 
benzene to give V4 = 610, vg = 1170, which seems about as probable as 
the assignment given by Pitzer and Scott. In any case, the serious dis- 
crepancy’' between and has disappeared, and the value of the force 
constant for bond torsion is now physically reasonable, being about half 
that for ethylene. Better agreement can of course be obtained by intro- 
ducing cross terms into the potential function,® but a less accurate treat- 
ment involving fewer constants may be useful for many purposes, e.g. for 
predicting the vibration frequencies and thermodynamic properties of 
substituted benzenes. 

Equations analogous to Wilson’s have been applied * to triboron 
triamine (BsISTaHe) and there are large discrepancies for the out-of-plane 
vibrations closely resembling those found for benzene. It seems probable 
that also these discrepancies could be reduced if the torsion due to move- 
ment of the hydrogen atoms were taken into account. 

Balliol College, Oxford, 

® See, e.g. Bernard, Manneback and Verleysen, Ann, Soc. Set, Bruxelles, 
^ 939 . 59 » 376. 
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RATES OF PYROLYSIS AND BOND ENERGIES 
OF SUBSTITUTED ORGANIC IODIDES. 
PART II, 

By E. T. Butler, Erna Manuel and M. Polanyi. 

Received 'jth June, 1944. 

We continue here ^ our account of the pyrolysis of organic iodides at 
low pressures and brief times of reaction. Under these conditions it is 
claimed that the rates are substantially determined by the primary 
decomposition RI == R + I and thus characterise the bond energy C — I 
in various compounds RI. 

This paper contains data concerning the pyrolysis of (1) cyclohexyl- 
iodide, (2) j 3 -phenylethyliodide, (3) isopropyliodide, (4) ^butyliodide, 
(5) dichloroiodomethane, (6) dibromoiodomethane, (7) j 5 -chloroethyliodide 
and (8) iodoform. For the first two of these the bond energy could be 
determined with considerable certainty, since the value of the activation 
energy was the same whether calculated as 

0 = — dT — • • • ; W 

or as 0* = 2*3 J?r(i3 - log , . ’ (2)’^ 

where kj is the mono-molecular rate constant (see below). For the com- 
pounds (3) to {7) Q is smaller than Q* and the latter, which is taken to 
represent the bond-energy, is hence less certain. For iodoform only a 
rough estimate could be made. 

Experimental. 

All results are expressed, as in Part I, as first-order constants ki and 

which must not prejudice the question of the actual kinetic mechanism 
involved. 

The only experimental variation as compared with Part I consisted 
in an extended analysis of the pyrolytic products of iso-propyliodide. 

For this purpose the appar- 
atus of Fig. I was attached 
at G in Fig. i of our previous 
communication . ^ 

An attempt was first made 
to separate from the reaction 
products any s-tetramethyl- 
ethane which might have 
been formed by the dimerisa- 
tion of isopropyl radicals. 
The reaction products were 
first washed with alkali and 
thiosulphate, dried with P2O5, 
and subjected to microdistillation by the method of Benedetti-Pichler - 
as modified by BlumenthaL® The boiling points of the various fractions 

1 Butler and Polanyi, Tmns. Faraday Soc., 1943, 39, 19. 

^ In accordance with our procedure in Part I we employ the value 10^® for 
A in the equation hi — A 

^ Getter, Niederland Benedetti-Pichler, Microchemie, 1932,. n, 173. 

^ Blumenthal, Ph.D. Thesis, Manchester University, 1940. Submitted by 
Blumenthal and Herbert or publication to the Trans. Far. Soc. 
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were measured by Emicb's micro -method. In this way it was found 
that the distillate consisted entirely of unchanged ^*5opropyl iodide, there 
being no di-isopropyl although it was estimated that 2 % could have 
been detected. 

Analysis of the gaseous products was carried out in the following 
way. The hydrogen iodide was absorbed in caustic soda solution (placed 
in trap Fg before the beginning of the run, outgassed, and cooled in liquid 
air during the run). The gaseous hydrocarbons were then distilled off 
from the rest of the contents of Fg by warming this trap to *- 78°, cooling 
Fe in liquid air and opening Ti, Complete separation was effected by 
alternately heating and cooling Fg, Ti being closed while Fg was at room 
temperature and opened when Fg was at — 78°. 

The hydrocarbons collected in Fg Were then distilled into the bulb A 
containing a standard solution of bromine in aqueous ICBr. Absorption 
of the olefines was effected by closing Tg and allowing A to warm up to 
room temperature with vigorous shaking. The residual bromine was 
titrated against standard thiosulphate. The olefine dibromide formed 
during the absorption was identified as propylene dibromide from its 
boiling point. 

The remaining saturated hydrocarbons were distilled into the narrow 
capillary C attached to the calibrated bulb B, A being at — 78® and C 
at liquid air temperature during this process. Then T^ was closed and C 
allowed to warm to — 78® and the pressure measured in M. No increase 
in pressure occurred on allowing C to warm to room temperature. The 
saturated gas was identified as propane by measuring the vapour pressure 
at — 97® and — 119®. 


Discussion. 

The data for the p3rrolysis of cyclohexyl iodide, presented in Table I, 
show that this compound, like the aliphatic iodides discussed in Part I, 

TABLE I. — ^Pyrolysis of Cyclohexyl Iodide 


Exp. 

Temp. 

rc.). 

Total 

Pressure 

(mm.). 

Iodide 
Pressure 
(mm. X 10-2), 

Contact 

Time 

(sec.). 

*i 

(sec.~i X 10-2). 

(sec -lx io“ 2 ). 

50 

445 

476 

2-09 

1-29 

0-779 



40 

445 

5-35 

2*55 

ITI 

0*632 

35*9 

39 

445 

5 ‘o 6 

2*85 

0-622 

, 2:-25 

6o-S 

41 ! 

445 

5*79 

273 

0-565 

1*04 

57 'S 

49 

445 

479 

2-86 

0-053 

0-944 

46-2 

51 

429 

4-81 

2*68 

1-32 

0-462 

347 

46 

429 

4-50 

274 

0-714 

0-480 

2S-S 

48* 

429 

4*95 

2*57 

0*646 

0-275 

29-6 

47 

400 

6-oS 

4’95 

i-ig 

0-070 

4-39 

45 

400 

4-Si 1 

2*Sl 

0-694 

o-io6 

8-26 

43 

400 

5 -i 6 

2-74 

0*672 

1 

0-085 

6-53 


* Carrier-gas : nitric oxide. 


gives both free iodine and hydrogen iodide on decomposition. In fact, 
hydrogen iodide is in this case the predominant product, the amount 
formed being from 40 to 80 times that of free iodine. This prevented the 
investigation of the p5nrolysis over a very wide range of conditions since 
it was essential to limit the extent of decomposition to small percentages. 

^ Emich, Monatsh. Ckern,, xgiy, 38, 219. 
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The results show that the monomolecular constants ki at any one tem- 
perature are of the same order of reproducibility as those for 7^-propyl 
and n-butyl iodides (Part I). The variations at constant temperature 
are not very systematic, apart from a tendency towards lower values at 
the highest”^ contact times at 445°. Replacement of nitrogen by nitric 
oxide as carrier-gas (Exp. 48) resulted in a rather lower value of The 
variations in k^i are rather more considerable than those in but again 
show no definite trend. 

When log is plotted against i/T for the results in Table I (using 
values of at a fixed contact time of approximately o*6 sec.) and the 



Fig. 2 — ^Variation of rates of pyrolysis with temperature (at contact time 

^0*6 sec,). 

O /sopropyl iodide. A Phenylethyl iodide. -f- Dibromoiodomethane. 

X Cyclohexyl. □ Dichloroiodomethane. I Chloroethyliodide. 

best straight line drawn through the points (Fig. 2), the activation enetgy 
Q is calculated at 49*5 k.cal./mole from the slope. By the alternative 

Q* 

method of deriving the activation energy from the equation k = 
we obtain a value of 49*2 k.cal. (using ki at the lowest temperature, 400°, 
and contact time 0*6 sec.). 

The a^eement of these two values for the activation energy proves 
in our opinion the assumption that the process measured is really the 
monomolecular disruption of the C — I bond. The fact that the repro- 
ducibility of the. values is not very good may again be explained by the 
assumption that the process 2I = I2 occurs with less than 100 % yield 
on account of the recombination R + I == RI. In view of the coincidence 
between Q and Q* the recombination, cannot be extensive and it was 
therefore neglected in our evaluation (comp. Part I, p. 26). 
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Comparing the rate of pyrolysis of cyclohexyl iodide with that of 
f^opropyl iodide at 400° given below we hnd the ratio of ki for isopropyl 
cyclohexyl to be 20 : i. • ^ ^ 

Our' observations for j3-phenyl ethyl iodide (Table II) ofEer a similar 
picture to that of cyclohexyl iodide. Owing to the low volatility of this 
iodide no extensive variations in the reaction conditions could be under- 
taken, Under constant conditions the reproducibility is fairly good 
(compare Exps. 29 and 30 at 516'’, and 28, 35 and 36 at 494°) 
variation vdth contact time is not very pronounced. Replacement of 
nitrogen by hydrogen as carrier-gas (Exps. 33 and 34) causes only a slight 
increase in but a larger increase in A hi- Comparing these results with 
those for '^2-propyl iodide (Part I) we find the rates at 494° to be almost 
equal. 

TABLE II, — Pyrolysis of ^-Phenylethyl Iodide 


Kxp. 

Temp. 

rc.). 

Total 

Pressure 

(mra.) 

Iodide 
Pressure 
(mm. X io~3). 

Contact 
Time i 

(sec.),. 

j 

(sec.-i X 10-2). 1 

(sec.-tx 10-2). 

31 

535 

8*63 

5-IG 

0-502 

23-6 

43-7 

3S 

1 

5-38 

5-So 

1-05 

9-82 

15-3 

3^ 

516 

6*82 

7‘34 

0-867 

l8-i 

36-9 

37 

516 

4-58 

5*30 

0-833 

9‘95 

22*9 

29 

5 ifi 

5*36 

4‘54 

0-572 

II -7 

15*5 

30 

516 

5 ‘45 

4‘94 

0-534 

12-7 

15:9 

34* , 

516 

5 -09 

6*72 

0-479 

I 4’9 . 

42-2 

33* i 

5 ifi 

5 '49 

5‘22 

0-251 

14-0 

67-4 

28 

494 

5‘i6 ! 

3-67 

o-6io 

4.36 

— 

3fi j 

494 

4-69 

4-31 

; 0'6o6 

5 ‘ 3 fi 

— 

35 

494 

4'99 

6-93 

0-538 

6-78 

10-2 


* Carrier-gas : hydrogen, 


In the case of phenyl ethyl iodide we again observe good agreement 
between the activation energies Q and Q* ; the former (calculated from 

the slope of the log curve is 49-5 k.cal. while the latter (from taken 

as before at the lowest temperature and shortest time, namely at 494° 
and 0-6 sec.) is 50 k.cal. 

Isopropyl iodide (Table III) was investigated more thoroughly than 
the other iodides discussed in this paper. The reason for this was that 
the reproducibility of the results seemed to be poorer than it was in the 
case of the alkyl iodides studied in Part I. Certain experiments (Nos. 6, 

16, S, I, 7 — mostly early ones) at 440° gave values of kj about twice as 
high as those generally observed and have been excluded from the dis- 
cussion of the effect of the variables on kj and ^hi- General reproduci- 
bility — apart from the excluded experiments — i& illustrated in Table III 
by comparison of the pairs of experiments 13 and 9, 17 and 19, 23 and 21, 
and is fairly good although inferior to that obtained with ethyl iodide in 
Part I. Influence of iodide pressure, seen by comparing Exps. 13, 9 with 

17, 19 is slight, a sevenfold increase in the pressure causing a 30 % drop 
in ki and a 10 % drop in ft hi- A three-fold increase in the total pressure 
(Exps. 10, 15) caused only a 30 % fall in ftj. Variation of contact time 
disclosed no definite trend in the values of fti or ft hi- 

The homogeneity of the decomposition was tested in this case by 
packing the reaction vessel with glass-wool, the surface area being thereby 
increased about tenfold (Exps. 24 and 25). This produced an increase 
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iix ki of only about 30 % and an even smaller rise in A? hi ^^^d shows that 
the reaction is predominantly homogeneous. The effect of replacing 
nitrogen as carrier-gas by deuterium and hydrogen respectively is shown 
in experiments 26 and 27, The result in both cases is a slight reduction 
in ki which contrasts with the opposite behaviour of ethyl iodide in Part I. 

TABLE III. — ^Pyrolysis op /^opropyl Iodide 


Exp. 

Temp. 

(°C.). 

Total 

Pressure 

(mm.). 

Iodide 
Pressure 
(mm. X io~2). 

Content 

Time 

(sec.). 

h 

(sec.-i X io" 2 ). 

(see.-ix io~2). 

iS 

492 

5*23 

24*2 

0-571 

30-7 

— 

6 

440 

6*20 

52-5 

2 -Ob 

II -2 

— 

16 

440 

5 - 9 t> 

79-0 

I‘S6 

12-5 

— 

S 

440 

11-39 

24-4 

0-688 

11*5 

— 

I 

440 

5-74 

23-6 

0-675 

871 


7 

440 

4-77 

29’2 

0-058 

13-0 


3 

400 

6-19 

64-3 

I -60 

2 '00 

— 

2 

400 

5 'Oi 

27-4 

0758 

2-i8 

— 

4 

400 

.5*29 

27-0 

0*055 

2-1 

— 

12 

400 

6*42 

4-65 

2-08 

1*30 

2-85 

14 

400 

4'90 

3*34 

0-712 

1-58 

2-50 

II 

400 

5-53 

3*49 

0-652 

1-69 

2*28 

5 

354 

7*01 

19*9 

0*572 

0*30 


Varying iodide pressure — 





13 

440 

4*79 

3 * 4 G 

0-689 

7-10 

17-5 

9 

440 

5-00 

3*58 

0-655 

6-60 

— 

17 

440 

5*42 

23-6 

o-6l6 

4-60 


19 

440 

5*50 

24-6 

0-597 

5.04 

13-2 


Varying total pressure — 


15 

440 

6-35 1 

10*5 1 

i-SS 1 

3-62 j 

— 

10 

440 

r-gS 1 

S'li 1 

1*45 1 

5-88 1 


Varying contact time 





22 

440 

1 6-49 

25-7 

1*51 

S-19 

iS-i 

17 

440 

5*42 

23-6 

0*616 

4'6o 

— . 

19 

440 

5*50 

. 24-6 

0*597 

5*04 

15*2 

28 

440 

6-19 

17-6 

0-580 

5 * 7 .^ 

— 


1 440 . 

6-29 1 

25*1 

0-562 

5-28 

12-9 

21 

440 

6-26 i 

25*5 

0-562 

5*43 

15*4 

20 

1 440 

6-5S 

22-7 

0-522 

5*58 

7 -S 

Packing with glass-wool — 





24 

440 1 

1 5*99 ! 

1 26-7 I 

0-572 1 

7-12 1 

1 I 9 *S 

25 

440 

1 6-44 

1 25-7 

1 1*50 1 

8-86 ! 

1 18-9 

Carrier-gas : — 






26 

1 440 

1 6-01 1 

i 27-0 1 

0-672 j 

3*13 1 

16-7 


, 






27 

j 440 

j 6-45 

1 r8-o 

j o- 43<5 

j 

j 20-1 


At the lower temperature of 400"" we note a thirtyfold variation of 
contact time in Exps. 3, 2 and 4 which leaves unaffected the value of kx. 

In Exps. 20-28 the hydrocarbon products of the decomposition were 
isolated and measured. They were found to consist entirely of propane 
and propylene, there being no trace of the sym-tetramethylethane which 
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might be expected if the direct combination of two isopropyl radicals 
occurred. The data in Table IX show that, when allowance is made for 
the propylene formed along with hydrogen iodide, the ratio I : CsHg : CgHe 
is within the limits of experimental error 2:1:1 which is what would be 
expected if the isopropyl radicals are removed by disproportionation : 

2 C3H7 == CgUg -b CgHg. 

For isopropyl iodide the activation energy Q derived from the slope 
of the log kij^ curve (using values of kj at contact time o*6 sec. and com- 


parable values of the other variables) is 29*2 k.cal. (see Fig. 2), which 
is much lower than the value g* = 46*1 k.cal. calculated from ki at 400°. 

As in Part I (for allyl and benzyliodide) and also in the cases of dichloro 
iodomethane, dibromoiodomethane and jS-chloroethyliodide mentioned 
below, we here encounter the fact that when Q differs from Q* the former 
is always the smaller. In our conception of the reaction this suggests 
that an appreciable reduction in the yield of free iodine occurs and that 
this effect increases at higher temperatures. Accordingly we assume 
that the best value for the activation energy is obtained by calculating 
0 * from data observed at the lowest temperatures. This conclusion is 
confirmed here — as it has been in other cases mentioned in Part I — ^by 
the remarkable stability of with respect to variations of contact time 
at the lower observational temperatures. 

In Table IV we give a few results for the pyrolysis of ^-butyl iodide. 
This gave an even larger proportion of HI to free iodine than cyclohexyl 


TABLE IV. — ^Pyrolvsis of T-BuTVLdoDinE. 


1 

Exp. 1 

1 

1 Temp. 

rc.). 

Total 

Pressure 

fmrt.). 

1 Iodide 

1 Pressure 
(mm. X 10-2), 

Contact 1 

Time 

(sec.). 

{sec.“i X io“2). 

(sec.-ix ro-2). 

I5S 

400 

6’8i 

i 

4‘24 

0*264 

1-58 

6l*0 

159 

401 

6*76 

4 'I 5 

0*0233 

■ 4*90 

366*0 

154 

341 

7*12 

4-58 

0*282 

0*128 

— 

157 

345 

7-21 1 

5-68 

o*26r 


40*7 


iodide and was not extensively investigated. From the value of at 
400® we roughly estimate Q* at 45-1 k.cal. 

The rates of pyrolysis (kj) of ethyl, isopropyl and j!-butyl iodides at 
400° C. are roughly in the ratio r : 40 : 80. 

The effect of negative substitution in the a-position on the rate of 
pyrolysis is illustrated in Tables V and VI for the cases of dichloroiodo- 
methane and dibromoiodomethane respectively. On account of the low 
vapour pressures of these compounds large variations in the iodide pressure 
could not be made. Results for the former compound show fairly good 
reproducibility. There is no hydrogen iodide formed and no iodine 
monochloride could be detected in the reaction products. At 450® ki 
shows no significant variations either with contact time or iodide pressure. 
The results at 400° are less accurate on account of the smaller amount of 
free iodine formed and the reproducibility is not so good. Dibromoiodo- 
methane gave less reproducible results ; there is no marked variation of 
with iodide pressure but a reduction occurs at the highest contact times, 
both at 450° and 398°. Comparison of the rates of pyrolysis hi at 450^^, 
ethyl iodine ; dichloroiodomethane : dibromoiodomethane = i : 100 :i6o, 
shows that negative substitution in this position causes a large increase 
in rate. 

The activation energies Q for dichloroiodomethane and dibromoiodo- 
methane derived from the temperature coefficient (Fig, 2) are 19 and 20 
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kxal. respectively, both of which are much lower than the corresponding 
values of 0* calculated from at 400^^ which are 42*4 and 41*4 respectively. 
This behaviour has been discussed above in the similar case of fsopropyl 
iodide. 


TABLE V. — ^Pyrolysis of Dichloroiodometha:ne. 


Exp. 

Temp. 

fC.). 

Total 

Pressure 

(mm.). 

Iodide 
Pressure 
(iBin. X 1 0 - 1 ). 

Contact 

Time 

(sec,). 

k 

(sec.-i X ro“2). 

67 

450 

4 - 5 X ' 

4-40 

1*32 

48-6 

63 

450 

574 

o*8oS i 

1*25 

47-0 

62 

450 

4-89 

1-77 

0-808 


66 

450 

4*15 

0-700 

<^•793 

58-0 

65 

450 

4-56 

1-00 

0-717 

I 59*7 

58 

45 f> 

4'57 

1-04 

0-677 

6x-S 

64 

42S 

4-39 

i‘09 

0-779 

I 29-8 

61 

428 

5 -II 

1*10 

0-662 

32-9 

59 

428 

5*63 1 

0714 

0 - 6 o 2 

34*0 

55 

400 

. 3*57 

1-03 

1-69 

13-9 

53 

400 

4'54 

0-952 

0-707 

' 17b 

60 

400 

5’89 

0-798 

0-633 

i6-i 

54 

400 

5‘72 

0-687 

o-6lS 

22* 5 

56 

400 

5*12 

1-61 

! 

0-055 

24-0 


TABLE VI. — ^Pyrolysis of Dibromoiodomethmste. 


Pxp, 

Temp. 

("C.). 

Total 

Pressure 

(nun.). 

Iodide 
Pressure 
(mm. X 10-'-). 

Contact 

Time 

(sec.). 

(sec.-i X io-~). 

68 

45c 

3 '93 

10*9 

1-35 

6i-6 

73 

430 

4-96 

1-68 

1-27 

54-9 

72 

450 

4*84 

1-44 

0’6So 1 

So-S 

69 

450 

; 5-49 

3-38 

0*593 1 

98-6 

71 

450 

5*45 

3-59 

0-052 1 

104 

74 

1 39S 

4-16 

1-56 

1-50 

10-5 

75 

1 39S 

4*i8 

1-40 

0-820 

26-9 

7 

1 ' 39S 

5-58 

3 * 9 X 

0-630 

32*9 


TABLE VII. — ^Pyrolysis of ^-Chloroethyl Iodide 


Exp. 

Temp, 

Total 

Pressure 

(mm.). 

Iodide 
Pressure 
(mm. X 10-1). 

- ■ 1 

Contact 

Time 

(sec.). 

(sec.-ix 10-2). 

1 

(see.-Jx io'3). 

83 

478 

6-15 

1*35 I 

o- 6 i 2 

33 -S 

32-0 

87 

448 

5 ‘i 3 

2-39 ! 

i-i8 

15*5 1 

5-S2 

85 

44S 

7-25 

2-59 

I -01 

15*6 

5-So 

84 

448 

6-ig 

I- 7 I 

0-647 

X 3‘3 

4-69 

86 

448 

6-i8 I 

1-04 

0*048 

11-5 

3-46 


Negative substitution in the ^-position is illustrated by the results for 
^-chloroethyl iodide (Table VII). The rate constants and ^hi 443 *^ 
are quite reproducible and show no definite variation with contact time. 
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The value of ki at 448° is about 30 times that of ethyl iodide. Q has the 
value 30 k.caL, while Q* at 448® is 45-9 k.cal. The difference between 
these is less than it is in the case of the oc-substituted iodides, and may 
indicate a smaller reduction in yield of iodine by the recombination reaction. 

A few results for iodoform are appended in Table VIII. These were 
irreproducible, and the fact that much carbon was deposited in the reaction 

TABLE VIII. — Pyrolysis of Iodoform. 


Exp. 

Temp, 

•rc.). 

Total 

Pressure 

(mm.). 

Iodide 
Pressure 
(ram. X lo-i). 

Contact 

Time 
(sec.). . 

(sec.-i X ro~ 2 ). 

78 

303 

6*49 

2-84 

0-710 

13*9 

82 

296-5 

7*20 

S-8o 

1-23 

0-354 

79 

296-5 

5‘07 

5-20 

0-853 

4-83 

80 

i 296-5 

7*21 

5-31 

0-765 

1*92 

81 

i 

1 291 

1 

5-85 

3*40 

1 

0*777 

0-83 

TABLE IX.- 

—Products of Pyrolysis of Isopropyl Iodide. 


I 

HI 

CaHa 

CaHs 

CaHs-HI^ 

Exp. 

RI 

RI 

RI 

RI 

RI 






mole % 



20 

3-26 

5-85 

(0-70) 

8-09 

(2-24) 

21 

3*22 

8-27 

1-32 

9-00 

(0-73) 

22 

12-56 

25*^> 

5'95 

29-2 

4-2 

23 

3‘3o 

7-79 

1*54 

9-18 

1-39 

24 

4*30 

II-3 

2'06 

13*6 

2-3 

25 

13-10 

26-0 

7-05 

35*4 

9-4 

26 

2-12 1 

10-75 

1-46 

12-6 

r-8 

27 

2-42 

9-Si 

1-56 

10*9 

i-i 


* This is the amount of propylene formed by disproportionation. 


TABLE X 


Iodide. 

< 3 *k.cal. 

A ( 430 ) X lo-S). 

T(i %/sec.). 

Ethyl .... 

52-2 

50 

489 

isoPropyl . . . ■ . 

46-1 

4,000 

398 

^fi^-^'Butyl 

45-1 

9,000 

385 

Cyclohexyl 

49*2 ^ 

470 

443 

) 3 -pheaylethyl . 

50-0 

270 

456 

Dichloromethyl 

42-4 

32,000 I 

343 

Dibromomethyl 

41-4 

70,000 

329 

Di-iodomethyl . 

(37) 

(3,000,000) 

(266) 

) 3 -Chloroethyl . 

45*9 

2,500 

395 


vessel during the pyrolysis suggests that more than one iodine atom is 
removed per iodoform molecule. The results at the lowest temperature 
(303°) suggest that Q* is about 37 k.cal. 

Discussion of Bond Energies. 

In Table X we have reproduced the results for ethyl iodide from the 
previous paper. According to the foregoing discussion only the values 
for cyclohexyl and jS-phenyl ethyl iodide can be claimed as correct, while 
II * 
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the others may be somewhat larger than the true values on account of an 
appreciable reduction of the decomposition due to recombination. 

Apart from this recombination we may mention the possibility that 
part of the hydrogeniodide formed results from a secondary reaction of 
iodine atoms with the free radicals. However, in the cases in which Q 
and Q* agree, there is no room for such an assumption. Nor can this as- 
sumption generally explain that Q is sometimes smaller than Q* since 
this happens in cases (a-halogeno methyl iodides as well as allyl and benzyl 
iodide in Part I) where no H — is formed. It does not seem profitable 
therefore to pursue this possibility here any further. 

Of the observed reductions of the C — I bond energies listed in the table, 
the case of w-propyl and ^-bntyl have already been discussed in Part I 
by reference to hyper-conjugation. We note that the C — bond strength 
in pheuylethyl iodide is about the same as that of ^-propyl iodide, which 
appears fairly reasonable from the point of view of hyper-conjugation. 
On the other hand the case of cyclohexyliodide seems curious since one 
would expect the bond to be very noticeably weaker than in ^z-propyl- 
iodide, in view of the joining together of two chains — ^both longer even 
than the propyl chain — at the a-carbon. 

The observed weakening effect of negative substitution on the bond 
strength deserves special emphasis. No indication of this had been present 
in the literature, apart from the analogous cases of acetyl and acetonyl 
iodide described in Part I. The resonance picture given there for the 
eSect of oxygen may be applied as well to the case of halogen. 

The e:fiect of negative substituents in an organic halide on the re- 
activity of the halogen atom with Na-vapour has been discussed theoretic- 
ally by Evans and Polanyi.^ There should always be present an increase 
in the rate of reaction beyond that which could be caused by bond weaken- 
ing. There is no sufficient ground to apply this theory to the cases of 
dihalogen ati on investigated in the present paper ; but the situation 
presented by dihalogenation has been successfully discussed from a similar 
point of view in a recent paper by A. G. Evans and H. Walker.® 

The University , 

Manchester. 

® Nature, 1941, 148, 436. 

® A. G. Evans and H. Walker, Trans. Faraday Soc., 1944, 40, 3S4. 
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Received 6 th November, 1944. 

No satisfactory and complete data on the solubility of hydrogen in 
zirconium are available, although the large capacity of this metal for 
hydrogen has been established for some time.^ This capacity for dis- 
solving large quantities of hydrogen is a common feature of a number of 
metals, including Pd, V, Th, Ti, Ta and the rare earth metals. Of these 
hydrogeB'enriched metals ^ the palladium-hydrogen system alone has 

^Winkler, Ber., 1890, 23, 2041. 

^ Sieverts and Gotta ^ termed these half-metallic ” hydrides (i.e. hydrides 
retaining some^ physical metallic appearances and properties), intermediate 
between the “ salt-like ” hydrides of Na, Ca, etc. (which are well-characterised 
compounds) and the purely '' metallic " hydrides of Fe, Co, Ni, Pt, etc. (which 
retain most fully the properties of the metals). TJbbelhode [Proc. Roy. Soc,, A, 




M. N. A. HALL, S. L. H. MARTIN AND A. L. G. REES 307 

been studied in any detail,® For zirconium, Sieverts and Roell ® have 
determined isobars at 760 mm. pressure and the isotherms for 800^ and 
1100° C. on a powder containing 91 % zirconium metal, but they could 
obtain neither consistency nor reproducibility. The maximum solubility 
attained corresponded to a composition of ZrHi.75. Later, however, 
Sieverts, Gotta and Halberstadt * obtained compositions ZrHi.ga-i.gg 
with samples of ductile metal. This system is also of interest from 
another point of view ; recent experiments on the paramagnetic sus- 
ceptibility have shown that the 4d band of zirconium becomes filled at 
compositions approximating to ZrHg.® 

In the present paper an account of an investigation into the solubility 
of hydrogen in zirconium is given. Furthermore, as it was found in the 
course of our experiments that oxygen had a profound effect on the char- 
acteristics of hydrogen sorption, a systematic study of the effect w^as 
made. In this respect de Boer and Fast ® have shown that oxygen forms 
true solid solutions with zirconium up to 40 atom % at least. 

Experimental. 

Preliminary 'cperiments showed the behaviour of zirconium tow’^ards 
hydrogen to follow that described in the literature, surface contamination, 
particularly with oxygen and nitrogen, retarding, or even completely 
inhibiting, the sorption of hydrogen at the louver temperatures. It was 
found also that the presence of oxygen dissolved in the zirconium produced 
radical changes in the sorption. 

The system was studied isothermally over the pressure range 1-760 mm., 
at temperatures between room temperature and 1050° C. and for oxygen 
contents from 0-50 atom %. Isotherms were determined with increasing 
pressures by the addition of measured amounts of hydrogen to the reaction 
vessel. 

The principle of the method of measurement was essentially that used 
by earlier workers * in cases involving large solubilities, but the apparatus 
was somewhat modified. It was constructed of soft glass, the vacuum 
taps and ground joints being lubricated with previously degassed Apiezon 
“ N grease which has an exceedingly low vapour pressure at roont 
temperature. The clear silica reaction vessel was connected to the ap- 
paratus by a silica-to-glass ground joint carefully screened from radiant 
heat and some 9 ins. from the furnace which had a long uniform tempera- 
ture zone. To maintain constant volume and prevent the introduction 
of mercury vapour or dissolved gases from the mercury, a glass Bourdon 
gauge ® was used as a null instrument for measuring gas pressures, the 
external balancing pressures being read on a wide-bore mercury mano- 
meter. ■ Pressure measurements could be made to ± 0*3 mm. Large 
glass bulbs attached to the system served as hydrogen storage vessels. 
The apparatus could be evacuated to lO"*® mm. Hg -with a mercury diffusion 
pump backed by a rotary oil pump, an intervening liquid air trap preventing 
the entry of mercury vapour into the apparatus. The glass parts were 
as far as possible degassed by frequent torching while pumping. External 

193 7> I59j 195) on the other hand has considered them as alloys of the metal 
mth metallic hydrogen. For the present purposes we will, however, refer to 
the " zirconium-hydrogen system " and consider the term “ solution ” in its 
broadest sense including the formation of true solid solutions, distinct phases 
and/or compounds. (See also SmitheUs 1937, Gases and Metals, p. 139,) 

® Sieverts and Gotta, Z. anovg. Chem., 192S, 172, i. 

® Sieverts and Roell, ibid., 1926, 153, 289. 

^ Sieverts, Gotta and Halberstadt, ibid., 1930, 187, 155. 

® Fitzwilliam, Kaufmann and Squire, J. Chem. Physics, 1941, 9, 678. 

® de Boer and Fast, Pec. trav. chim., 1940, 59, 161. 

" Sieverts, Z. Metallk., 1929, 3 i, 37. 

® Farkas and Melville, Experimental Methods in Gas Reactions, London, 

1939, p. 85- 
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furnace temperatures were measured to ± 3° C. with a calibrated Pt/Pt-Rh 
thermocouple situated immediately against the reaction vessel. 

Relevant volumes were calibrated manometrically by expansion from 
a known volume. The correction factors necessary for calculating 
hydrogen unabsorbed at equilibrium from observed pressures were deter- 
mined for the relevant temperature and pressure ranges using hydrogen 
in the absence of zirconium, since the temperature gradient between the 
reaction vessel and the remainder of the system made unreliable their 
consideration as two component volumes at distinct temperatures. The 
external temperatures as read were calibrated against those registered 
by a similar thermocouple placed inside the tube in air, to correct for 
differences due to heat conduction along the silica tube. 

Materials. 

(i) Hydrogen. — Cylinder hydrogen was purified by passing at the 
rate of '-^30 cm.® /minute through a layer of palladised asbestos at 
rw 140° C., a liquid air trap, and a layer of zirconium powder at 1000® C. 
to ensure removal of last traces of oxygen and nitrogen. 

(ii) Oxygen.— Spectrally pure oxygen (British Oxygen Co.) was used 
throughout. 

TABLE I. 

Analytical Data for Zirconium Samples. 



A. 

B. 

C. 

D. 

Zirconium + Hafnium (as 
Zirconium) . 

99*0 

CO 

92-S 

S5*2 

Other metals (Fe, Mg, Ti, 
Ai) . . . . 

o-io 

0-31 

3*0 

1*53 

Oxygen .... 

0-4 

1*0 

3*2 

117 

Hydrogen 

< 0*05 

< 0-05 

0*5 

0-4 

Carbon . . . 

< 0-05 

0-36 

0*30 

0*30 

Water .... 

— 


0‘0 

0-9 

Total .... 

99*5 

99*47 

99-8 

100*0 


(iii) Zirconium. — The samples available were : (A) compact ductile 
metal, (B) wire of 120^ diameter (both thoroughly polished and degreased 
before use), (C) and (D) powders from two different sources. Both (A) 
and (B) had been obtained by deposition of the metal from ZrU in the 
vapour phase, (C) by the high temperature reduction of KgZrFe with 
metallic Na, and (D) by the reduction of ZrO^ with Na and Mg,® On a 
basis of spectrographic analyses, the four samples were completely 
analysed chemically, except for Hf which was present in all. A Hf content 
of 0*5 atom % ( I % Hf) previously given for Zr from the same source ® 
has been accepted for our purposes. As Hf also absorbs large quantities 
of hydrogen, the use of a value for Zr -b Hf expressed as Zr does not 
materially affect our results. From the analytical data given in Table I,* 
sample (A) is seen to be the purest, the most significant difference being 
in the oxygen contents of the four samples. 

® de Boer, Ind. Eng. Ckem., 1927, 19, 1256. 

* The determination of Hf as Zr would tend to give total analyses here 0*5 % 
less than 100 % (i % Hf s 0*51 % Zr by weight). The relative impurity of 
(C) and (D) might on the other hand bias their totals to 100 %, Our main 
results are, however, based on the purer samples (A) and (B), the O and C in which 
were probably introduced during the rolling and drawing processes through the 
surface. 
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Procedure. 

Zirconium samples (0-5-1 -o g.) were contained in narrow porcelain 
boats and placed in the reaction vessel well within the uniform tem- 
perature zone of the furnace. To prevent surface contamination of the 
sample through its gettering action on the system, the reaction vessel 
was first evacuated to lo”® mm. Hg at room temperature, twice flushed 
with hydrogen, and heated to 1050° C. in a small pressure of hydrogen. 
The sample was then degassed at this temperature for 15-30 minutes, 
shut off from the pumps and cooled to the required temperature. In 
between isotherms the samples were alw^ays heated to 1050° before being 
opened to the pumps. 

For experiments on the effect of oxygen, sample (B) was used, as 
sufficient of (A) was not available and preliminary experiments had shown 
that it was difficult to secure complete homogeneous distribution of the 
oxygen in the pow^der sample (C), which was moreover relatively impure, 
A new sample was used for each set of isotherms at a particular oxygen 
content, The sample was degassed in the usual manner, kept at 900° C., 
and over a period of 2 to 4 hours allowed to absorb completely successive 
small portions of oxygen admitted from a known amount. Finally, to 
ensure homogeneity, it was heated for 8-1 1 hours at 950°, when the 
residual oxygen pressure was < 10-* mm. X-ray analysis of samples 
containing up to 36 atoms % oxygen proved the oxygen to be in true solid 
solution, in agreement with the observations of de Boer and Fast.® A 
check analysis of the oxygen content in one case gave 15*3 % compared 
with 15-0 % calculated from the volume added. 

For hydrogen sorption, the criterion used for the establishment of 
equilibrium (which was relatively rapid, never requiring more than 30 
mins, for any point), was that the pressure change over ten minutes should 
not be greater than 0*3 inm. 

Accuracy and Probable Errors. 

An accuracy of i % is indicated from the pressure and volume 
measurements, but other possible sources of error are : — 

(i) Non-homogeneity of sample. 

(ii) Analytical errors. 

(iii) Incomplete degassing of samples. Since isotherms at ^ 1000° C. 
indicate an equilibrium pressure of <^1 mm. for the absorption of 
/-w I cm. 3 /g. Zr, this appears an unlikely source. 

(iv) Introduction of traces of impurity (oxygen and nitrogen) during 
vacuum treatment or from hydrogen. At the slightest indication of con- 
tamination the experiments were stopped and a new sample taken. 

(v) Absorption of hydrogen by components of the apparatus or its 
diffusion through the silica at high temperature. Blank tests up to 
1000® C. showed these effects to be negligible. At the highest tempera- 
tures the amount of hydrogen remaining in the gas phase equalled that 
originally added to -within i i cm.® in a total volume of some 700 cm.®. 
These tests served also to check the volume and pressure calibrations, 

(vi) An uncertainty of about ± 5° C. in the furnace temperatures at 
the higher temperatures. 

The extent of the reproducibility is perhaps best indicated by those 
absorption isotherms in the figures which were repeated two or more times. 
In Fig. I the two 750° C. isotherms were obtained -with the same sample 
after an interval of 16 days during which some 12 other isotherms had 
been determined. Duplicate sets of points are shown for the isotherms 
at 750° C. (four sets for three different samples) 850° and 950° in Fig. 2, 
at 850° (different samples) in Fig. 3, at 565°, 750° and 850° in Fig. 6, 
750° C. in Fig. 8, and 850° C. in Fig, 9. 
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Results. 

The isotherms are represented graphically in Figs, i to 3 and 5 to g, 
whilst the isobars for samples (A), (B) and (C) at 760 mm. pressure are 
given in Fig. 4., and those for all samples at 500 mm. pressure in Fig. 10. 
The solubilities are expressed throughout as cm.^ hydrogen at N,T.P./g. 
Zr + Hf (determined as Zr) actually present in the sample. Even with 



Fig. I. — Isotherms for compact Zr sample A ; 0-023 atom Oxygen per atom 
Zr, Whole series on same sample of 0*04093 gm., with duplicate sets of 
points for 750^ C. 

Insei . — ^Initial portions of isotherms on expanded pressure scale. 

the powder samples^ the isotherms below 350° C. were invariably slower 
to reach equilibrinm saturation than those above this temperature. 
However, a satisfactory value for the saturation solubility at room 
temperature could be obtained by allowing the zirconium to cool slowly 
(over a period of 12-15 hours) in a high pressure of hydrogen. The results 
for sample (A) are given in Table II. 
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A saturation value of 240 cin. 7 g. 2 r was thus indicated for 20^^ C., 
corresponding to ZrHi.jg. For sample (B), values of 234-238 cm, 3 /g! 
at pressures from 550-650 mm. were obtained, indicating a mean value 
of 236 cm. 3 /g. at 20° C. 



Fig. 2 . — Isotherms for ductile Zr wire sample B ; 0*058 atom oxygen 
per atom Zr, 

750° C, : O . @ 1st isotherms on 0*5 gm. 

© 2nd isotherm on 0*25 gm. 

O 2nd „ on 0*5 gm. 

S50® and 943° C. : Duplicate sets on separate 0*5 gm. samples. 



Fig. 3. — Isotherms for Zr powder sample C; 0*196 atom oxygen per atom 
Zr. Each isotherm on separate i gm. sample. 


(/vrP)! £. 
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Desorption experiments on samples (B) and (D) demonstrated the 
existence of hysteresis, illustrated in Figs. 6 and 9. This phenomenon 
•was not fully investigated but did occur consistently at all temperatures 
with sample (D). 



Tempmrure '*C- 


Fig. 4. — Isobars at 760 mm. Hg pressure for different samples. 

© Sample A — 0*023 atom oxygen per atom Zr. 

# ,, B — 0*058 >. ij >> 

@ „ C — O'lgd „ „ „ 

@ Results of Sieverts and Roell 



Fig, 5. — Isotherms for Zr wire Sample B + 2-44 % O2; o-igo atom oxygen per 
atom Zr. All on same preparation. 
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General Remarks and Discussion. 

With all samples, there was a noticeable diffusion of the Zr metal into 
the porcelain boats ; this was particularly marked with the powders. 
Nevertheless, the amount of Zr rendered unavailable for sorption 'by 

this means was cer- XI. — Saturation Solubility of Hydrogen in 

tainly less than i Ductile Zirconium (Sample (A)) at 20'’ C. 

part in 1000. With 
the powder samples, 
it was also noticed 
that a black deposit 
formed in the cooler 
parts of the silica 
tube ; this consisted 
essentially of Fe, 
the main metallic 
impurity. 

In all cases the isotherms in the. region 750-950° C. were very sensitive 
to the experimental conditions. The “ kink in the isotherm was notice- 
able as the point at which a slow sorption started, whereas for the initial 
points equilibrium was always rapidly attained. It must be stressed that 
reproducibility of isotherms in tliis region was only obtained by rigorous 
adherence to the precautions against contamination outlined earlier in 
this paper. Contamination by O and N is undoubtedly responsible for 
the marked “ ageing phenomena observed by Sieverts and Roell.® 


Temperature from 
which Cooling 
look place 
(^C.). 

.. . j 

Equilibrium Pressure 
of Hydrogen 
(mm. of Hg). 

Volume of HvLlro^eii 
Dissolved 
(cnj.s at N.T.P. 
per g. 2 r). 

400 

552*5 

238*8 

700 1 

74*0 

■238*0 

825 

558*0 

242*3 



Fig. 6. — Isotherms for Zr wire Sample B -f 5-0 % O2 ; 0*362 atom oxygen per 
^ atom Zr. 565° C. points on different preparations. 750“ C. : -> absorption, 
desorption curves. 

Surface contamination is probably responsible for the disagreement 
amongst earlier workers as to the temperature at which zirconium begins 
to take up hydrogen. Fitzwilliam, Kaufmann and Squire ® and Hukagawa 
and Nambo state that sorption only takes place above. 500° C., whereas 
de Boer and Fast maintain that sorption is relatively rapid even at 
300-400° C. Our results are in agreement with the latter work, as we have 
found appreciable sorption to take place even at room temperature. The 
explanation of this discrepancy is that oxygen does not diffuse rapidly 
into the metal lattice from the surface below 500° C. and the former authors 

Hukagawa and Nambo, Elecivotech. /. (Japan), 1941, 5, 27. 
de Boer and Fast, Rsc. irav. chim., 1936, 55, 350. 
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bad not taken the precaution of heating their samples to a high temperature 
to clean the surface, ordinarily covered by a thin oxide film. Degassed 
powders containing oxygen in solid solution were found to be more liable 
to spontaneous ignition on exposure to air at room temperature than were 
samples containing little oxygen. 



Fig. 7. — Isotherms fox Zr wire Sample B -f lo-i % ; 0*650 atom oxygen 

per atom Zr. All on same preparation. 

The general shape of the isotherms and the presence of a hysteresis 
effect indicate a strong resemblance to the Pd — H system, where the 
existence, below a critical temperature, of a two-phase region, in which 
the composition is independent of pressure, has been ascribed by Lacher 



Fig. 8. — Isotherms for Zr wire Sample B -f- 16*4 % O^; 1*015 atom oxygen 
per atom Zr. All, including duplicate of 750° C., on same preparation. 

to the interaction of dissolved H atoms. Observations on the systems, 
Ti-, Ce- and La-H, point to a similar behaviour. ^3, i4 ^ single solution 
process demands the two-phase region to be disposed symmetrically in 

Lacher, Proc, Poy. Soc. A., 1937, 161, 525. 

Kirschfeld and Sieverts, Z. physik, Chem,, 1929, 145, 227. 

Sieverts and Roell, Z. anorg. Chem., 1925, 146, 149. 



Fig. g. — Isotherms for Zr. powder Sample D ; 0786 atom oxygen per atom 
Zr. Each isotherm (including duplicates) on separate i gm. samples. 

705° C. : ^ absorption, desorption. 



IZO Z40 360 4SO 600 JZO 340 96 fOSO f200 


s — V Pressure mm. H£. 

Fig. 10. — Isobars at 500 mm. Hg pressure for all samples (obtained from 
isotherms) ; figures below are atom oxygen ;^er atom Zr. 

O Sample A — 0'023. © B + 5 % — 0-362. 

-f- Sample B — 0*058 €) B -f lo-i % O2 — 0*650. 

Powder C — ^0*196. ^ Powder D — 0*786, 

® B 4 - 2*44 % O2— o-igo. G B -i- i6*4 % O3 — 1*015. 
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the composition range, a requirement satisfied in the case of Pd. In- 
spection of the isotherms in Figs, i and 2, however, shows clearly that the 
two-phase region occurs at compositions too close to ZrHg for this con- 
dition to be satisfied and we conclude that our isotherms represent the 
sum of two solution processes proceeding simultaneously, in only one of 
which is critical behaviour apparent. Further evidence in support of 
this is the marked difierential effect of oxygen above and below these parts 
of the isotherms. 

One further feature of the results in Fig. i, to which attention should 
be drawn, is the intersection of the 825° isotherm wdth that of 800" C., 
suggesting a sudden increased capacity for dissolving hydrogen above 
800 "" C. This is shown as a hump in the isobars of Fig. 4, although in- 
creased oxygen content apparently suppresses the effect. Zirconium has 
a transition point, a Zr ^ jS — Zr, from hexagonal close-packed tO' 
bodj’^-centred cubic, at 865° C. and de Boer and Fast state not onty that 
hydrogen is more soluble in the j 9 -form in the low pressure region, but also 
that the transition point is lowered by the presence of hydrogen. Such 
behaviour is compatible until our observations. 

From Figs. 4 and 10 it appears that with zirconium-oxygen solid 
solutions the volume of hydrogen sorbed at saturation is decreased by a 
volume equivalent to that of oxygen present. The other figures show 
that at any particular temperature, the volume of hydrogen sorbed before 
the kink '' occurs decreases at first rapidly then more slowly with in- 
creasing oxygen content, while the pressure at which the " kink '' occurs 
increases. 

These observations will be further discussed in a paper to be published 
at a later date, in the light of the theoretical treatment which will there 
be applied to the results. 


Summary. 

A study of the solubility of hydrogen in zirconium and in zirconium 
containing oxygen in solid solution to the extent of 50 atom % has been 
made isothermally over a range of temperatures up to 1000° C. and at 
pressures up to i atmosphere, rigid precautions being taken for the 
elimination of surface contamination of the metal by oxide or nitride 
films. The isotherms exhibit critical phenomena, such as are observed 
in the Pd — H system, but, from the asymmetric disposition of the two- 
phase region and from the observed effects of oxygen on the shape of the 
isotherms, must involve more than one solution process. The results 
also reflect the existence of the known lattice transition in zirconium. 

Inconsistencies prevalent in earlier work have been attributed to sur- 
face and bulk contamination of the zirconium with oxygen and nitrogen,, 
for both of which gases it shows a remarkable affinity. 

Acknowledgements are due to Mr. J, A. M. van Moll who instigated 
the work, to Mr. C. H. R. Gentry for his work on the chemical analysis 
of the zirconium samples, to Mr. F. A. Bannister, of the Natural History 
Museum, South Kensington, for the X-ray analysis and to the Directors 
of Philips Lamps Ltd., for permission to publish this paper. 

Material Research Laboratory [Philips Lamps Ltd.), 

Mitcham, Surrey. 



THE TEXTURE OF POLYTHENE. 

By C. W. Bunn and T. C. Alcock. 

Received gth November, 1944. 

The X-ray diffraction pattern of polythene at room temperature shows 
(fl) a number of fairly sharp reflections indicating a crystalline arrange- 
ment in the greater part of the material, and {b) a diffuse band like those 
given by liquids and glasses (marked A in Fig. z) — an indication of the 
presence of a certain amount of amorphous {i,e. non-crystalline) material. 
The molecular structure of the crystalline part * has been described in 
an earlier paper. ^ It consists of simple CHj chains of great length. The 
purpose of the present communication is to report some evidence on the 
relation between crystalline and amorphous constituents, on changes 
which take place at temperatures up to the melting-point, and on the 
association of the crystalline regions in larger organised units. 

Order of Size of the Crystalline Regions. — The X-ray reflections of 
the crystalline part are a little more diffuse than those given by large 
perfect crystals (>10-® cm.) under the same camera conditions. Re- 
flections from different crystal planes are broadened to about the same 
extent, Broadening of X-ray reflections may be due to several causes 
— smallness of crystal size, distortions and structural imperfections, and 
thermal effects. The angular range of reflections on the photographs of 
polythene is not sufficient to make it possible to distinguish between 
different possible causes of broadening, by the method which has been used 
for metal specimens ; ^ but it may be said that if the broadening of the 
reflections is due to small crystal size, the crystals in most specimens are 
well below 1000 a, in diameter. Different specimens vary greatly in this 
respect, the apparent crystal size (using the Scherrer equation) being in 
some specimens 200-300 a., while in others it is well below 100 a. Now 
polythene molecules, in the specimens examined, are upwards of 1000 
carbon atoms in length (in some specimens several thousands) ; such 
molecules, if fully extended as in a crystal, would be well over 1000 a. 
in length ; it appears, therefore, that the molecules are much longer than 
the crystals. This fits in with the picture now generally accepted ^ 
for the structure of crystalline long-chain polymers : we imagine portions 
of many molecules packed side by side in precise crystalline fashion, each 
molecule passing through several crystalline regions. In view of the 
uncertainty in the interpretation of the breadth of X-ray reflections, we 
cannot be certain that this picture is correct in scale, but at any rate the 
X-ray evidence is not inconsistent with it, and moreover it gives a con- 
vincing general account of the mechanical properties — ^the cohesion and 
toughness of polythene as compared with shorter -chained hydrocarbons, 
and the phenomenon of cold-drawing which it exhibits in common with 

* Photographs of certain specimens show a weak extra reflection (d — 3-29 a.) 
which indicates the presence of a small proportion of a second crystalline phase, 
of different structure from the main bulk of the crystalline material. The spacing 
gives no clue to its identity or structure and we have so far not been able to 
•correlate its occurrence with particular experimental conditions of polymerization 
or crystallization. 

^ Bunn, Trans. Faraday Soc., 1939, 35, 482. 

® Stewart, Physic. Rev., 192S, 31, 174 ; 33 , 153. 

^ Muller, Proc. Roy. Soc., A, 1932, 138, 514. 

^ Stokes, Pascoe and Lipson, Nature, 1943, 151, 137. 

® Mark, /. Physic. Chem., 1940, 44, 764. 

® Bunn, Proc. Roy. Soc., A, 1942, 180, 82. 
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other long-chain polymers ; we shall return to the last-mentioned phe- 
nomenon at the end of this note. 

Structure of Amorphous Regions. — According to the picture presented 
above, the amorphous regions consist of the portions of chain molecules 
which tie one crystalline region to the next (together with some loose ends 
of molecules) ; these portions of molecules, not being arranged in any 
regular manner, would give diffuse X-ray diSraction effects. The position 
of the diffuse band in X-ray diffraction photographs of polythene is con- 
sistent with this view. The maximum intensity occurs at an angle cor- 
responding to a spacing (using the Bragg equation) of 4*45-4*50 a. at iS' C. 
(varying a little for different specimens). This is very similar to the 
corresponding figure for liquid normal paraf&ns up to C30 — 4*6 a. according 
to Muller “ and 4-63 a. according to Stewart ^ — and is thus about the 
spacing to be expected for unbranched chains lying more or less in con- 
tact ” without regular arrangement. Although such spacings cannot 
be measured with any great accuracy, the small difference between the 
two figures may perhaps have some significance. The position of maximum 
intensity in the diffuse band is determined by the most frequently oc- 
curring interatomic distances, which for long parafin molecules are {a) 
the distances between nearest atoms in the same molecule (i*5-2‘5 a.) 
and (h) the distances between nearest atoms in neighbouring molecules 
(4-5 A.) . The band corresponding to the latter is by far the stronger, 
on account of the smaller angle of diffraction. Now in liquid paraffins 
the molecules are moving about, whereas in polythene the movements 
of the portions of molecules constituting the amorphous regions are 
somewhat restricted because their ends are fixed in crystals. The dis- 
tances between the nearest atoms of neighbouring molecules may thus 
tend to be greater in liquid paraffins than in the frozen “ amorphous 
regions of polythene,** It should be noted that the spacing of 4*5 a. 
does not imply that the portions of molecules in the amorphous regions 
are even approximately paraUel : molecules lying in contact '' would 
he expected to be much the same distance apart at their nearest points, 
whatever their mutual orientation. 

The amorphous regions may not consist entirely of portions of normal 
paraffin chains. Fox and Martin report that certain specimens of 
polythene give infra-red absorption bands characteristic of methyl groups ; 
from which it appears that chain branching may sometimes occur in the 
polymerisation reaction. They suggest that the presence of methyl 
side-groups may account for certain discrepancies in the intensities of the 
X-ray reflections of polythene crystals — discrepancies which were ex- 
plained, in the original paper on the crystal structure^ in quite a different 
way (partly by anisotropic thermal motions and crystal distortions and 
partly by the non-spherical shape of the electron cloud of the CHg group) . 
Actually the size of the methyl group is such that it is very unlikely that 
portions of chains bearing methyl side-groups could fit in the crystalline 
regions ; these portions of the molecules would be expected to form part 
of the amorphous fraction. The position of the diffuse X-ray diffraction 
band would not be affected appreciably unless the proportion of methyl 
side-groups in the amorphous regions were high. 

** It has been shown that the density of the amorphous part of polythene 
is lower than that of liquid polythene extrapolated to the same temperature. 
This may appear surprising since the X-ray results indicate closer " contacts 
of molecules in the amorphous part ; actually there is no inconsistency ; mole- 
cules in the amorphous part, though closer together at their nearest points, 
may be on the average further apart if there are comparatively large holes in 
some places ; this is quite a reasonable probability, since the positions of portions 
of molecules in the amorphous regions are restricted, their ends being " clamped " 
in crystals. The presence of comparatively large holes would increase small- 
angle X-ray scattering ; this has not been investigated. 

0(o> Pox Martin, Proc. Roy, Soc., A, 1940, 175, zo8. 
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X-Ray Diffraction Photographs at Temperatures up to 120 ° G. — 
Changes in the structure of polythene "vvith rising temperature have 
been observed by X-ray and microscopic methods. Two points of interest 
inspired the X-ray work. Firstly, the proportions of crystalline and 
amorphous material would be expected to change with rise of temperature, 
at any rate near what is usually called the melting-point — ^the tempera- 
ture of disappearance of all crystalline material. Secondly, it was desired 
to discover whether the crystal structure changes near the melting-point. 
In some of the normal paraffins up to C30, the symmetry of the crystal 
structure changes from orthorhombic to hexagonal owing to the rotation 
of the chain molecules about their long axes ; this occurs a few degrees 
below the melting-point.^ 

X-ray powder photographs of a specimen of polythene at temperatures 
up to 120° C. were taken in an improvised camera — an ordinary powder 
camera of the Bradley and Jay type,’ fitted with pancake heater coils 
just above and below the specimen. The polythene was in the form of 
a film on the surface of a piece of pure silver wire 0*25 mm. in diameter ; 
the X-ray photographs (taken while the specimen was rotating) all showed 
the superimposed patterns of silver and polythene (see Fig. 2) and from the 
unit cell dimensions of the silver, the temperature of the specimen could 
be deduced. The determination of unit cell dimensions was carried out 
by measuring the large-angle reflections and using the extrapolation 
method of Bradley and Jay,’ and temperatures \vere calculated by using 
Scheel’s value ^ for the coefficient of expansion of silver between 0° and 
100° C., in conjunction with our own figure (4*0772) for the lattice dimen- 
sion of silver at 19° C. It appeared possible to determine the temperature 
of the silver to within 2° C. by this method. It is possible that the tem- 
perature of the polythene coating on the silver wire might have been a 
little higher than that of the silver, since the heating came from outside 
and polythene is a very poor conductor of heat. To reduce the temperature 
gradient, the silver wire was supported by a specimen holder specially 
made of woodite,"' in place of the metal holder normally used in the 
camera. 

Photographs of one specimen of polythene were taken at 19^, 49°, 56°, 
69°, 84° 99°, 101°, 104°, 109° and 123° C. An increase in the relative 
intensity of the “ amorphous ” band as compared with the “ crystalline 
reflections became obvious above 80° C. and quite marked at 101° C. 
At 104° C. the proportion of amorphous material appeared comparable 
with the proportion of crystalline material in the specimen (see Fig. 2), 
while at 109° C. the crystalline '' reflections were only just visible, being 
almost completely obscured by the intense diffuse “ amorphous band. 
At 123°, only the ‘'amorphous” band was visible. Thus the process of 
melting occurs gradually over a considerable temperature range ; although 
most of the change from a crystalline to an amorphous structure appar- 
ently occurs above 100° C., perceptible changes can be detected by X-ray 
photographs at temperatures as low as about So° C. (The temperatures 
quoted apply only to the specimen of polythene used, which had a mole- 
cular weight — as measured by melt viscosity — of about 17,000. Other 
specimens of different molecular weight would be expected to show similar 
behaviour over a somewhat different temperature range.) Measurements 
of the density ^ and heat capacity ^0 of polythene made in this laboratory 
are fully consistent with this picture of gradual melting, which is indeed 
consistent with the previously presented picture of the texture of poly- 
thene. The pull of the tying ” portions of molecules must affect the 
melting-points of the crystals to which they are tied, to a degree depending 

’ Bradley and Jay, Proc, Physic, Soc., 1932, 44, 563. 

® Scheel, Z. Physik, 1921, 5, 167. 

® Hunter and Oakes, in press. 

Raine, Richards and Ryder, in press. 
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on the size of the crystalline regions and other local conditions ; thus, 
on heating, portions of molecules leave the crystals and join the amorphous 
material at difierent temperatures; and some crystals melt completely 
before others ; the result is that the proportion of amorphous, melted 
material increases with rise of temperature. The temperature at which 
melting is complete cannot be determined satisfactorily by X-ray photo- 
graphs, since weak " crystalline reflections become obscured by the 
intense broad amorphous band; microscopic methods are more 
satisfactory for this purpose. 

We have not measured photometrically the intensity distribution in 
the X-ray photographs, but it is obvious by inspection that the “ crystal- 
line*' reflections do not broaden appreciably with rise of temperature. 
Thus, melting does not occur by a gradual diminution of the size of the 

crystalline regions, 
but by a gradual 
change in the pro- 
portion of com- 
paratively large 
crystalline regions. 

The X-ray 
photographs show 
no sign of a phase- 
change, such as 
that which occurs 
in some of the 
shorter-chained 
normal hydrocar- 
bons just below 
their melting- 
points. If molec- 
ular rotation were 
to start, the two 
strongest reflec- 
tions (indices i ro 
and 200) would 
move towards each 
other and Anally 
coalesce to form 

Fig. I. — Unit cell dimensions of polythene crystals from the too reflection 
room temperature to the melting-point. of a he^cagonal 

crystal. This does 

not occur ; even in the photograph taken at 109° C., when there was 
only a little crystalline material left, the two reflections can be seen. 
There appears to be only a slight change in their separation : they do 
move together a little — an indication presumably of increased amplitude 
of rotatory oscfllation about their long axes. 

The lattice dimensions were determined from the positions of the 200 
and 020 reflections ; each polythene reflection appeared as a doublet, 
owung to the diffraction of X-rays by a film of polythene on each side of 
the silver wire (the beam being absorbed by the wire itself) ; in most 
cases the centre of the doublet was taken as the “position " of the re- 
fiection, no correction for absorption being necessary. ^ In some cases 
only the outer component of the doublet was clearly visible ; in. these 
circumstances the position of this component was measured, and a cor- 
rection applied. Although no great accuracy was attained (the refiections 
being at small angles) the results were fairly consistent, and show (see 
Fig. i) that the length of the b axis of the orthorhombic cell remains 
approximately constant at 4’93-4'95 a., while that of the a axis increases 
from 7*42 A. at 18° C. to 7*65 A. at 100^ C. (There is no similar informa- 
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tion on the c edge of the cell — 2*534 A. room temperature — but this, 
being the repeat distance within the molecule itself, would not be expected 
to change.) The expansion of a (0*035 % per ""C.) may be compared 
with the corresponding figure given by Muller for CggH^o (0-029 % 

°C. between 20° and 40° C.). Since only the a axis expands appreciably 
the volume coefficient of expansion should be about the same as the linear 
coefficient for the a axis ; in view of this, compare the volume coefficient 
for C34H70 (0*045 %) calculated from the density measurements of Seyer, 
Patterson and Keays.^^ 

The fact that only the a axis of the cell expands on heating (increasing 
the axial ratio a\ b towards the pseiido-hexagonal V3 ratio) suggests that 
the mean plane of the zigzag carbon chain twists a little towards the ac 
plane of the crystal on heating ; probably this means that it is chiefly 
the rotatory oscillations of the chain molecules about their long axes 
which increase their amplitude on heating ; other motions, such as those 
associated with random distortions of the molecules from the ideal plane 
zigzag form, would be expected to increase both a and b axes. But the 
structure is still far from hexagonal even at 109° C. ; complete rotation 
of the molecules thus does not occur. Among the shorter-chained paraffins, 
Muller 3 found that only in the range CsrCag do the crystals become hexa- 
gonal before melting ; in view of this, rotation of much longer molecules 
would not be expected. But in any case there are special features in a 
polymer structure which make it less likely : a molecule passes through 
more than one crystal, and is in most cases distorted in the “tying ” 
(amorphous) regions ; both these circumstances would be likely to diminish 
the probability of complete rotation in the crystalline regions. 

The spacing corresponding to the position of maximum intensity of 
the difluse band — an indication of the inter-chain distance in the amorphous 
material — ^increases slightly with rise of temperature, from 4*5 a. at room 
temperature to 4-7 a. at 109® C. 

Spherulitic Structure of Polythene. — ^Examination of suitably pre- 
pared thin films of polythene in the polarizing microscope betvveen crossed 
Nicols shows the existence of birefringent regions, each with a dark cross 
wffiose arms are parallel to the vibration directions of the Nicols and which 
therefore rotate as the Nicols are rotated (see Fig. 3). This phenomenon 
is t37pical of spherulitic aggregations of crystals : a spherulite consists of 
a large number of crystals radiating in all directions from a point, a par- 
ticular direction of each crystal lying consistently along a radius of a 
sphere. Some films show surface irregularities — hillocks with fairly 
well-marked boundaries between them ; and each hillock corresponds 
\rith a spherulite. The size of the spherulites varies greatly with the 
type of polythene and the manner of preparation of the film, and in shock- 
cooled films of certain types of polythene it may be possible to see only a 
faint small-scale mottled appearance. And in thicker films, more than 
one spherulite thick, the overlapping of different spherulites in the line 
of vision may also give rise to a confused mottled appearance. One of 
the clearest demonstrations of the spherulitic structure was provided by 
a specimen of polythene which came out of the polymerisation vessel as 
a powder ; this powder proved to consist of spherulites, each showing the 
dark cross very clearly. 

An electron microscope photograph of an extremely thin film of poly- 
thene, taken by Dr. D. G. Drummond, of the British Cotton Industry 
Research iVssociation, is shown in Fig. 4. Radiating growths can be seen, 
with fairly definite boundaries between neighbouring units. These units 
can presumably be identified with the spherulites seen in the polarizing 
microscope, though they are much smaller owing to the method of 
preparation of the specimen. 

Seyer, Patterson and Keays, /. Amev. Chem. Soc., 1944, 179 * 
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Use of the quartz wedge shows that the refractive index for light 
vibrating along the radius of the spherulite is lower than for the vibration 
direction perpendicular to the radius. To interpret this in terms of crystal 
orientation, it is necessary to Imow the optical properties of polythene 
crystals. Single crystals have never been obtained, but fibres in which 
the c axes of the crystals are all parallel to the fibre axes are readily obtained 
by cold-drawing. The refractive indices of such fibres w^ere measured 
by the immersion method ; the results varied a little with the degree 
of perfection of orientation of the crystals in the fibre, but in the most 
perfectly oriented specimens (as shown by X-ray diffraction photographs) 
the. refractive indices were found to be 1*55 for light vibrating along the 
fibre (that is, parallel to the chain molecules) and i'50 for the vibration 
direction across the fibre. The latter figure represents the average for 
the a and b axes of the orthorhombic crystals, since these axes are randomly 
disposed in all directions normal to the fibre axis. In view of the orienta- 
tions> of the planes of the zigzag chain molecules in the crystal ^ — ^half 
of them being nearly at right angles to the other half — the refractive 
indices for the a and h vibration directions are expected to be nearly equal. 
The three principal indices of a single polythene crystal are therefore : 
a a little below 1*50, ^ a little above 1*50, y = 1*55. 

Returning to the spherulites, we are now able to conclude that the 
c axes of the crystals (the molecular axes) are perpendicular to the radii 
of the spherulite. Which, crystal direction lies along the radius of the 
spherulite — ^whether it is the a or the 6 axis, or some other direction in 
the ah plane such as the [no] zone axis — ^it is impossible to say. It may 
seem surprising that the chain molecules do not lie along the radii but 
normal to them. It must be realised, however, that the radii of the 
spherulites are directions of crystal growth ; and the situation in poly- 
thene is actually in line with the crystal morphology of the shorter-chained 
parafiin wax hydrocarbons, which grow as thin plates with the molecular 
axes normal to the plane of the plate ; the crystals grow much faster in 
directions normal to the molecular axes than they do parallel to the 
molecular axes ; it is evidently much easier for a molecule to add on to 
the edge of a sheet of molecules than to start a new layer. In the case 
of polythene we can scarcely imagine crystal growth (in the sense of 
accretion of molecules) taking place along the molecular axes ; growth 
would occur entirely at right angles to the molecular axes : we must 
imagine, in the formation of a spherulite, crystals growing outwards in 
all directions from a point, and growing by the continual side-by-side 
accretion of portions of very long-chain molecules. 

We may ask why spherulitic aggregations are formed, rather than 
individual crystalline regions unrelated in position or orientation. The 
answer may be something like this : a single crystal nucleus is first formed, 
consisting of portions of numerous molecules packed in precise fashion ; 
the other parts of these same molecules are now to some extent constrained, 
and are therefore the more ready to act as centres for the growth of new 
nuclei — and since the molecules are flexible (by rotation round the chain- 
bonds) the new nuclei may take up diflerent orientations from the fi.rst ; 
the continuation of this process results in the growth of crystals in all 
directions from the original nucleus. The apparent sheaf-like character * 
of the centre of a spherulite, shown in the electron microscope photograph 
(Fig, 4) is consistent with tMs idea. 

If this view is correct, we should expect two things : that spherulite 
formation is a function of chain-length, and that other long-chain polymers 
should crystallize in this manner. In relation to the first point, the ex- 
amination of polythene specimens and fractions of various molecular 
weights showed that spherulites could only be seen in specimens com- 

* It is important not to confuse the radiating growth-directions with molecular 
axes ; the long molecules are at right angles to the growth-directions. 
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Fig. 2. — X~ray diffraction photograph 
(fl) Polythene. 

[b-d] Polythene on silver wire. 
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Fro. 3.— Thin film of polythene between crossed Nicols, X 500. 



Fig. 4. — ^Photograph of very thin film of polythene, taken by the electron 
microscope. X 10,000. 
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posed of molecules of average length over 300 carbon atoms. In relation 
to the second, both gutta-percha and rubber/ 2 when crystallized from 
solvents, are reported to form spherulites ; and in the latter case the optical 
properties show that, as in polythene, the molecules lie at right angles to 
the radii of the spherulites. (Rubber molecules, like polythene molecules, 
have positive birefringence.) 

Microscopic Examination up to the Melting-point. — Films of poly- 
thene were made on microscope slides by melting small pieces of the 
material and pressing cover glasses on to the viscous liquid. These slides 
w^ere heated in a small electrically heated oven fitted with observation 
windows and placed on the microscope stage. The temperature was 
■controlled by a rheostat. Observations between crossed Nicols showed 
that for most normal specimens of polythene (molecular weight 15,000- 
30,000 by melt viscosity) a diminution of birefringence — ^which is some 
indication of the amount of crystalline material — ^is perceptible at 100° C., 
but that the spherulites do not completel}^ disappear until a temperature 
of 115^ C. to 120° C. is reached. The actual temperature at which this 
occurs depends to some extent on the rate of rise of temperature ; to allow 
time for an approach to thermal equilibrium, the temperature was raised 
1° C. every half hour; in this way consistent results were obtained for 
any one specimen. But on slowly cooling again at the same rate, spheru- 
lites did not reappear until a temperature 3 or 4° lower was reached ; and 
further experiments suggested that veiy long periods of time would be 
required to make the two temperatures equal. Similar hysteresis effects 
are found in the change of density ^ and heat content ^0 with temperature. 
It was observed that although, on heating, there was a general diminution 
of the birefringence of each spherulite, sometimes certain spherulites 
(not always the largest) persisted after the rest had become isotropic ; 
the longer molecules in a specimen perhaps tend to segregate, giving 
spherulites with higher melting-points than the rest. 

Since the melting-points of different specimens vary considerably 
(they depend on molecular weight distribution as well as on average 
molecular weight — quite apart from any variations in the proportion of 
methyl side-groups) it is scarcely worth while to quote figures in detail. 
It must suf&ce to mention that there is a general rise of melting-point 
with average molecular weight up to about 20,000 ; and that the highest 
melting-point observed was 126'^ C. 

Mechanism of Gold-drawing. — ^The phenomenon of cold-drawing 
(whereby an unoriented thread, on stretching, becomes drawn out to a 
thread in which the crystalline regions are approximately parallel to each 
other) appears to be exhibited by crystalline long-chain polymers generally. 
•On stretching, part of the thread becomes thinner by a definite amount 
and there are ver5-^ definite shoulders at the junctions of drawn and un- 
'drawn portions ; on further drawing, the shoulders travel along the speci- 
men as more and more of the undrawn material narrows to join the 
■oriented part, the thickness of which remains constant. For polythene, 
the diameter is usually reduced to 40-45 % of the original, the elongation 
being 500-600 %. The drawn thread has some reversible elasticity,, but 
■cannot be drawn permanently thinner ; any attempt to do so results in 
the breaking of the thread. This “ necking phenomenon seems to be 
typical of the highly crystalline polymers ; amorphous polymers, on 
stretching, become thin gradually, not suddenly ; and crystalline polymers 
near their melting-points (when the proportion of amorphous material 
is high) show little or no shoulder. 

The question arises : “ Why is there such a definite reduction in the 
diameter of the thread ? '' Since the crystals “ flow '' during drawing, 
why do they not go on flowing past each other, with continued diminution 

Kirchof, Kautschnk, 1929, 5, 175. 

Smith, Saylor and Wing, Bur. Stand. J., 1933, 10, 479 ; 1934, ^3* 453* 
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in the diameter of the thread ? If we consider the phenomenon in terms 
of the two-phase texture described in this note, the question becomes 
still more acute. When an unoriented fibre is pulled, crystals are dragged 
out of their spherulitic associations into approximately parallel alignment ; 
each crystal drags others after it by the tie molecules. But since each 
crystal is presumably tied to a number of others which are likely to pull 
in different directions, it will often happen that crystals break .into two- 
or more portions (not by the breaking of molecules, but by the separation 
of neighbouring molecules). If crystals can be broken in these circum- 
stances, w^hy does the breaking not continue in the drawn part with 
gradual thinning of the thread ? 

The following suggestion is offered . When crystalline regions are 
broken, they part along cleavage planes (probably the no and loo planes 

in polythene). The difficulty of 
breaking probably depends on the 
direction of the stresses on a 
crystal. Thus, if, as in Fig. 
the stresses are in diametrically 
opposite directions along the molec- 
ular axes, the crystal parts by 
shearing parallel to the molecules 
But if, as in Fig. 5b, the stresses 
are not diametrically opposite, 
part of the crystal may be torn 
off gradually, just as in stripping 
off a piece of adhesive tape we 
raise one end and strip it off 
progressively. The flexibility of 
the molecules makes this possible. 
In tins process — ^rupture by tearing 
— side-links are broken progress 
sively and tearing is therefore 
likely to be much easier than 
shearing, in which many potential 
barriers have to be surmounted 
simultaneously. Now in cold- 
dra-wing, on account of the random 
orientation of the crystals, the pull 
of the tie molecules will usually 
not be parallel to the c axes of 
the crystals — ^it will be at any 
angle ; consequently one piece of 
a crystal can be separated from 
the rest by the comparatively easy 
tearing process. But as soon as 
it becomes parallel to the direction 
of drawing, any further rupture 
Fig. 5.— («) Crystal rupture by shear. could only occur by the compara- 
{b) Crystal rupture by tearing, tively difficult shearing process, 

which would require a mucE 
greater force than is being used ; therefore the crystal in question is not 
subdivided further — it remains as an organised unit, and the tie molecules 
which still join it to unoriented material then proceed to tear off further 
portions of crystals which follow the leader into parallel orientation. The 
reduction in the diameter of a fibre in cold-drawing is thus related to the 
proportion of situations in which crystals can be divided by tearing rather 
than shearing. Quantitative treatment of this problem does not appear 
possible. 
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Summary. 

1. The interpretation of some secondary features of the X-ray dif- 
fraction patterns of polythene — ^the breadth of the crystal reflections, 
and the position of the diffuse (** amorphous band — ^is considered. 

2. X-ray diffraction patterns have been taken at temperatures up 
to the melting-point 120° C.). Changes in the proportions of crystal- 
line and amorphous material occur above 80*^ C. 

3. The a edge of the orthorhombic unit cell of the crystalline part 
increases in length from 7-42 a. at 18"^ C. to 7*65 a. at 100° C. The h 
axis remains approximately constant at 4*93-4*95 a. 

4. Optical evidence indicates a spherulitic structure in polythene. 
The orientation of the crystals in the spherulites is deduced by reference 
bo the optical properties of drawn fibres. On heating, the temperature 
at which the material becomes isotropic varies with different specimens ; 
the highest temperature observed in any specimen was 126° C. 

5. A suggestion on the mechanism of cold-drawing is offered. 

Imperial Chemical Industries Research Department, 

Alkali Division, 

Northmich, Cheshire. 


SORPTION OF VAPOURS BY KERATIN 
AND WOOL. 

By G. King. 

Received 2 gth November, 1944. 

1. Introductory. 

A previous investigation showed that owing to the very large surface- 
volume ratio of wool fibres, the rate of absorption of water vapour was 
governed almost entirely by the heat evolved and the consequent rise in 
temperature of the fibres during absorption. A direct study of the 
■diffusion of water into the fibres was thus impossible, and indirect methods 
have had to be used to gain some insight into the diffusion process. 

Two indirect methods are available. Larger molecules, such as alcohols, 
■can he used so that the diffusion process becomes slower and therefore 
more likely to control the observed absorption, or the diffusion of water 
into horn can be studied. Horn has chemical and physical properties 
very similar to wool, and specimens can be chosen with a small surface- 
volume ratio so that diffusion into the bulk of the material is the rate 
controlling process. Both methods have been used in the present work 
to give some indication of the complex mechanism governing the diffusion 
•of foreign molecules into keratin. 

2. Experimental. 

The experimental procedure was very similar to that used in the 
determination of the rate of absorption of water vapour by wool/ and 
need not be described in detail here. 

In the case of the ethyl alcohol-wool isotherm, a period of 48 hours 
was allowed to elapse between readings in order to ensure that equihbrium 
had been reached despite the slow rate of absorption. The alcohols w-ere, 
of course, kept in contact with freshly ignited quicklime during all the 
■experiments. 

^ King and Cassie, Trans. Faraday Soc,, 1940, 36, 445. 
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The thin films of horn were obtained by first softening samples in boiling 
water and then pressing between two glass plates. The resulting slabs 
were dried in situ, and attached to a brass plate with Chatterton's com- 
pound before milling to the requisite thickness. 

3. Absorption of Methyl and Ethyl Alcohol. 

Speakman ® has shown that methyl and ethyl alcohol are absorbed in 
large quantities by wool much as water is absorbed. An absorption 
isotherm was determined for ethyl alcohol to show how close the analogy 
is Avith water ; it is reproduced in Fig. i. The curve is similar though not 
quite so sigmoid in shape as that for water. ^ The weight of alcohol 
absorbed at saturation is 26 % as compared with 32 % for water, but 
it should be remembered that the mols of ethyl alcohol absorbed at 



saturation by 100 gm. of w^ool is only one-half as compared with nearly 
two for water; or taking the amino acid residue weight ^ as 118, 0*45 
mols of ethyl alcohol are absorbed at saturation vapour pressure as com- 
pared with 1*5 for water, The absorption isotherm for ethyl alcohol is 
therefore similar to that for water, but represents a much smaller molecular 
absorption. 

Figs. 2 and 3 show the absorption and desorption of methyl and ethyl 
alcohol at different times after exposure to saturated and zero vapour 
pressure respectively ; the absorption is from zero regain, * and desorption 
is from saturation regain. It is not possible to judge from these curves 
alone, the degree of control due to the heat of absorption. Time-tempera- 
ture data are also required, and Fig. 4 shows the increase in temperature 
of the wool during absorption of water, and methyl and ethyl alcohol. 
The increase of temperature during absorption of niethyl alcohol is by no 
means negligible, but the fiat maximum of the curve means that a slower 
rate of difiusion is exerting considerable control on the observed rate of 
absorption. Ethyl alcohol shows only a slight increase of temperature 

- Speakuian, Trans. Faraday Soc., 1930, 26, 61. 

3 Astbury, J. Chem. Soc., 1942, 337. 

* Regain is the weight of foreign molecules absorbed expressed as a percentage 
of the dry weight of wool. 
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wiien the saturation vapour pressure is first exposed to the wool ; the 
increase is, in fact, negligible after 5 minutes, and during this time only 
a very small amount of alcohol is absorbed. The course of the absorption 

curve for ethyl alcohol is 
therefore primarily deter- 
mined by the diffusion of 
ethyl alcohol into the fibres. 

4. Absorption by Horn. 

Fig. 5 shows the absorp- 
tion of water by horn films 
where diffusion into the horn 
is the controlling factor. The 
general shape of the curves 
is similar to that for the 
absorption of ethyl alcohol 
TrMc (mins) . there is an almost 

FtG, 4. linear absorption with time 

followed by a fairly sharp 
cut off. The thicker horn films also show a parabolic increase near zero 
time followed by the linear increase with time. This feature is shown 
more strikingly by the absorption of methyl alcohol, which is reproduced 
in Fig. 2. 


I 

a 


2 

< 

o 

a: 10 


5, The Diffusion Process. 

The absorption curves reproduced in Figs. 2, 3 and 5, are all very 
different from those given by Pick's diffusion law with a constant diSusion 
coefficient. Daynes * explained a similar deviation from Pick’s law for 
the diffusion, of water into rubber by using equilibrium vapour pressures 
instead of concentrations in the diffusion equation. The deviation of the 
ethyl alcohol isotherm from linearity is, however, much too small to 
account for the deviation of the observed absorption curves from diffusion 
curves with a constant coefficient. 

The absorption curves obtained in the present work are similar to 
those observed by Barrer ® for the sorption of by the fibrous zeolite, 
natrolite. The initial portion of Barrer’s curves obey the parabolic law, 
but they rapidly change to show an almost linear absorption with time, 

* Daynes, Trans. Faraday Soc., 1937, 33, 531. 

® Barrer, Proc. Roy. Soc., A, 1938, 167, 392. 
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which he ascribes to autocatalytic absorption. The general description 
is that the diffusion coefficient depends on the concentration of the ab^ 
sorbate. It has been definitely established for other zeolites and for metal 
to metal inter-diffusion that the diffusion coefficient depends on the con- 
centration of the absorbate, and Barrer ® has suggested that this also 
holds for the diffusion of vapours through media in which sorption and 
swelling occur. 

If the diffusion coefficient is a function of the concentration of the 
absorbate, Tick's law for one dimension must be written : 



where ^ is a function of c, the concentration of the absorbate, x is the 
distance from the origin of the co-ordinate, and t is the time. The general 
solution of this equation is not available at present, although Hartree ’ 
suggests that the differential analyser might be applied to the problem 
with some success. However, it is possible to infer from solutions for a 
semi-infinite solid, the course that absorption should follow for finite 
slabs and cylinders. Boltzmann ® showed that for a semi-infinite solid, 
the concentration must be a function oi and the weight of material 

absorbed into a semi-infinite solid with a constant concentration at — o 
should therefore increase as VJ, The diffusion of water and methyl alcohol 
into the thicker films of horn show this parabolic increase of absorption 
vdth time, as might be expected because the absorption is then not very 
different from diffusion into a semi-infinite slab. 

The later and much more extensive stages of the absorption are, however^ 
best inferred from solutions for the semi-infinite medium given by Hopkins ® 
for cases where ^ is a simple function of c. His solution may be written : 

c = Cl + (c„ - Ci)J + ft^(c„ - Ci)2J -1- ^“(c„ - -f ftM] ( 2 ) 


where c = c^iat t — o, x> 0 

c ~ for t ~ o, X ^ 0 

k — Ai[i -1" — Cl) -{- — Ci)^] 


I “ 

VffJo 


. d-zc 


X I 7T 


A , B, M, are functions of I and y, and where y = — W — ; j 3 , ft 

3 T 

constants. 

When Cl = = o, and ft = i, the concentration is given by 


are 


c = I - [I - ft4 -b -b ftM] 

and k = ft[i -f jS{c — i) -f ft(c — i)-]. 


If jS is taken as i and ft as zero, k is given by and if jS is taken 
as 2 and ft as i, it is given by ftc". The solutions for these cases are shown 
in Fig. 6 , c being plotted against y. The curves thus represent the vari- 
ation of the concentration through the medium at any instant. It is 
clear from the change in shape of the curves with increase in the power 
of c that as the relation bet-ween k and c becomes increasingly convex 
towards the k axis, there is a building up of the concentration behind a 
slowly moving front. The building up of the front is obtained by taking 
the concentration distribution for the maximum value, of the diffusion 
coefficient and cutting away the lower portion of the curve. Alternatively, 
a function for k could be used which involved the minimum value 
when the steep front would be formed by building up the upper portion 


® Barrer, Diffusion m and through solids, Cambridge University Press. 
" Hartree, Mem. Manchester, Lit. Phil. Soc., 1936, 80, 97. . 

® Boltzmann, Ann. Physik,, Lpz., 1S94, 53 > 9i9- 
® Hopkins, Physic. Soc. Proc., 193S, 50, 703. 

12 
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nf the curve for /t„. Thus the lower and upper portioiis of the distribution 
are largely determined by and k-, respectiwly, ]omed by an inter- 
mediate steep portion. 




Fig. 7. 

If the diffusion coefficient became infinite for values of c greater than 
a critical value, say the concentration would increase instantaneously 
from Co ^ rough first approximation to the solution for a finite 

slab may therefore be obtained by assuming h to be infinite for con- 
centrations above and determined by for concentrations below this 
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value. This method has been used to construct the curves of Fig. 7. 
The solutions of Pick’s law for a cylinder and a finite slab were plotted to 
give as a function of the distance from the centre, for different values 
of for a cylinder of radius r, and of for a slab of thickness 

2,a. The areas below the curves were then integrated to the concentra- 
tion Cg, and the volume of the cylinder or slab with a concentration above 
this value was taken as having the saturation value. 

The curves of Fig. 7 are closely similar to those. Figs, 2 and 5, obtained 
experimentally for diffusion into thick slabs ; both the experimental and 
theoretical curves are initially parabolic, followed by a considerable linear 
increase of absorption with time, finally cutting ofi rather abruptly at 
saturation. Also in 
the case of the ab- 
sorption of water by 
horn films of different u 
thickness, Fig. 5, the 
slope of the linear 
portion of the curves 
varies inversely as a'^ 
in further confirma- ,q 
tion of the theoretical 
construction. 

The slope of the ® 

linear region of the | 
theoretical curve de- | 6 
pends on the value j 
chosen for the criti- | 
cal concentration c^. " 

It has been taken as 
0*35 of the saturation ? 

concentration be- 
cause many of the 
properties of wool 
change rapidly near , ratc of absorption (arbitrary units) 

regains correspond- Fig. 8. 

ing to this value. 

Cassie has shown too, that water at regains below 10 to 12 % largely 
occupies localised sites in wool, and above this regain the water is increas- 
ingly non-localised ; one would therefore expect the diffusion coefifcient 
for water to increase rather abruptly in this region. This may be con- 
firmed experimentally by beginning the absorption at finite initial regain 
values, when it is found that the rate of absorption is a function of the 
initial regain. Such a relation determined for the absorption of ethyl 
alcohol by wool is shown in Fig. 8. It is seen that a rapid increase in 
the absorption occurs at about 8 % regain coinciding with a value for Cg 
of approximately 0*35 

A rough estimate of the difiusion coefficient may be made by com- 
paring the slope of the linear region of Fig. 7 with those for the experi- 
mental curves. The data are given in Table I. The actual values 
cannot, of course, be much better than estimates, but they will give the 
order of magnitude of for the difiusion of the three molecules into 
keratin. The value obtained for methyl alcohol diffusing into wool 
fibres is surprisingly consistent -with that obtained for difiusion into the 
horn film. The value for the fibres is less than that for the film, and this 
is to he expected because of the rise in temperature of the fibres, shown 
in Fig. 4, due to their large surface volume ratio. Similarly, the tem- 
perature efiect will decrease the rate of absorption of water into the 
thinner horn films to give the smaller difiusion coefficient for these films. 

Cassie, Trans. Faraday Soc, (in the press). 
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It slioiild be emphasised, however, tiiat although the values given in 
Table I are consistent because they have been derived from one set of 
assumptions, they should only be regarded as estimates of the mean of 
the diffusion coefficients for the slower processes. 

The temperature coefficient for ethyl alcohol is seen from Table I to 
be r^ery large and corresponds to an activation energy around 30 K.caL 
If this "activation energy is correct, the entropy of activation must be very 
large to give a dihusioix coefficient even so small as io-“. It may be, 
of course, that the minitnuna diffusion coefficient for ethyl alcohol is con- 
siderably less than the mean value given by the present procedure. 

TABLE I, 

Diffusion Coefficients. 


System. 

Fibre Diameter 
(cm.). 

Slab Thickness 
(cm.). 

Temperature 

(°C.). 

Diffusion 
Coefficient Uq 
(cm.,2/scc.). 

Water-horn . 



3'0 X 10 

25 

7-3 X 10 -® 

Water-horn . 

— 

6'S X 

25 

X 10 -® 

Methyl alcohol-wool 

2 X 

— 

25 

1*7 X 10-10 

Methyl alcohol-horn 

— 

7*6 X 10 -® 

35 

2-2 X lO-lo 

Ethyl alcohol-wool . 

2 X lO'® 

— 

20 

3*6 X 

Ethyl alcohol-wool . 

2 X 10'® 

— 

25 

7'2 X 

Ethyl alcohol-wool . 

2 X 10'® 

— 

30 

ii‘6 X 


6. Desorption of Vapours. 

Desorption curves are shown for ethyl alcohol in Fig. 3, and for water 
in Fig. 5. The initial rate of desorption is in all cases very rapid. This 
would be expected on the present hypotheses of diffusion in keratin, 
because at high regains the diffusion coefficient is large, and the rate of 
desorption is correspondingly large. As the regain decreases, however, 
the diffusion coefficient becomes small, and evolution is slow ; in fact it 
becomes so slow that it is impossible to remove the last 6 % of methyl 
or ethyl alcohol from wool fibres, 2 and Fig. 5 shows that removal of the 
last few per cent, of water from horn films 0^03 cm. thick would prove 
exceedingly difficult. 


Summary* 

The absorption and desorption rates for water, methyl alcohol, and 
ethyl alcohol by wool and horn keratin have been investigated for those 
cases in which difusion is the rate controlling process. The results confirm 
the conception of a difusion coefficient which increases with concentration, 
and show that this leads to the building up of a steep front, which advances 
through the medium as the absorption- proceeds. This does not affect 
the parabolic form of absorption for semi-infinite media but leads to an 
approximately linear rate in the case of finite media. 

I am grateful to Mr. B. H. Wilsdon, Director of Research, for his 
continued interest in the work, to Dr. A. B. D. Cassie for discussion and 
advice, and to the Council of the Wool Industries Research Association 
for permission to publish the results. 

Miss V. Farrow performed the computations and Mr. M. L. Wright 
assisted with the experimental work. 

Wool Indtisiries Reseaych Association, 

Torridon, Headingly, Leeds, -6, 



THE ANODIC BEHAVIOUR OF METALS. 
PART L— PLATINUM. 

By a. Hickling. 

Received zist Dece?nber, 1944- 

In the present series it is proposed to carry out a systematic study of 
the anodic behaviour of metals, using the cathode ray oscillograph to in- 
vestigate the various electrode reactions which occur during polarisation. 

A limited amount of work has been done on the variation of potential 
■with quantity of electricity passed when a platinum electrode is forced 
from the hydrogen to the oxygen evolution value, with a view to ascer- 
taining the mechanism of the electrode reactions involved.^ Bowden ® 
recorded that the change was a linear one, save for a slight break which 
was attributed to oxide formation, and suggested that the process cor- 
responded to the gradual removal of a layer of hydrogen dipoles and its 
replacement by a layer of oxygen dipoles. Butler and co-workers,® 
however, have distinguished several stages : an initial slow rise of potential 
w’’hich is attributed to ionisation of free and adsorbed hydrogen (with an 
active electrode), a rapid linear rise which is ascribed to the charging of 
a double layer, and finally a slow linear change which is considered to 
correspond to the deposition of a layer of adsorbed oxygen dipoles prior 
to evolution of gas. Erschler and Frumkin and co-workers ^ have made a 
number of observations on the anodic polarisation of platinised and 
smooth platinum electrodes at very minute current densities ; it is 
doubtful if the results obtained under these conditions, in which equi- 
librium is maintained throughout the very slow change, are directly 
comparable with those obtained in the very rapid anodic polarisation at 
normal current densities, but their results are in general conformity with 
those of Butler et al. Much of this previous work has been confined to 
acid solutions and to the measurement of quantities of electricity passed 
at the .various stages, and the effect of relatively few variables has been 
ascertained. It appeared desirable, therefore, to re-investigate the 
polarisation under a wide range of conditions, and this has been carried 
out using a new^ experimental method. 

Experimental. 

The principle of the method used for studying the polarisation process 
was as described previously.® The circuit has been modified in, detail 
to make it possible to study both anodic and cathodic processes and to 
secure greater flexibility in working, and the improved arrangement is 
showm in Fig. i w’-hich is largely self-explanatory, 

^ See Butler, ElectYocapillavity, Chap. VIII, 1940, for review. 

^ Proc. Roy. Soc., A, 1929, 125, 446. 

® Butler and Armstrong, ibid., 1932, 137, 604 ; Armstrong, Himsworth 
and Butler, ibid., 1933, 143, 89 ; Butler and Armstrong, /. Chem. Soc:, 1943, 
743 : Butler and Drever, Trans. Faraday Soc., 1936, 32, 427 ; Pearson and 
Butler, ibid., 1938, 34, 1163. 

^ Slygin and Frumkin, Acta Physicochim. U.S.S.R., 1935, 3 » 79 i i 1936, 4, 
91 1 : 1936, 5, 819; Erschler and Proskurnin, ibid., 1937, I 95 Erschler, 

ibid., 1937, 7 f 327 ; Erschler, Deborin and Frumkin, ibid., 1938, 8, 565 ; Trans. 
Faraday Soc., 1939, 35, 464. See also Ferguson and Towns, Trans. Electrochem. 
Soc., 1943. 83, 27X, 285. 

® Hiclding* Trans. Faraday Soc., 1940, 36, 364. 
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Direct cun-ent is supplied to a condenser C (selected from a calibrated 
condenser block) which is in series with the electrolytic cell, a milliammeter 
and a pentode valve. The pentode serves to keep the charging current 
constant at any desired value, which latter may be changed at will by 
altering the bias on the screen of the pentode. Connected across the 
condenser-cell section of the circuit is a thyratron valve, the trip voltage 
of which is controlled by the grid potential. Vdiile the condenser is being 
charged, a steady current hows through the electrolytic cell, but when the 
condenser voltage reaches that required to trip the thyratron, the ar- 
rangement is short circuited and the condenser discharges, a quantity 
of electi’icit^^ exactly equal to that originally passed flowing rapidly through 
the cell in the rev^erse direction, and the process repeats itself indefinitely. 
The voltage developed between the electrode being studied (in the present 
case the anode) and a saturated calomel reference electrode C.E. is 
amplified as shown and applied to the Y-plates of the cathode ray tube, 
while the voltage developed across the condenser is applied to the X-plates, 




Fig. I. — Electrical circuit. 

O. Standard Telephone and Cables gas focussed cathode ray tube^ 4050 BB.3 
T. Osram thyratron, GTIC. Pentode Mazda, SP4 1. ^ 

Va- Triode Osram, MH4. C. Condenser block, 0*02 to 6^F. 

so that a stationary track representing directly the variation of potential 
with quantity of electricity passed is obtained on the oscillograph screen. 
The quantity of electricity passed in each pulse can he varied either by 
changing the value of C or by altering the trip voltage of the thyratron ; 
the latter also serves as an amplitude control. By the subsidiary circuits 
and switching arrangements shown, the electrode can be subjected to 
anodic or cathodic pre-polarisation, and reference lines at known voltages 
can be obtained on the screen. 

The electrol3rtic cell used is shown in Fig. 2. It consisted of a wide- 
monthed jar of about 250 c.c. capacity fitted with a rubber stopper carrying 
anode, thermometer, gas inlet and exit tubes, and cathode and reference 
electrode tubes ; the two latter were fitted with filter paper plugs as shown 
to prevent contamination of the anolyte. In general a platinum wire 
anode sealed into a glass tube and mounted vertically was used ; it was 
exactly o*i sq. cm. in area and approximately i cm. in length. Prior 
to use it was cleaned with hot concentrated hydrochloric acid, hot con- 
centrated nitric acid, water and heated to redness. The cathode was 






Plate I. 


[To face page 335. 
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a I cm, square of platinum foil. The electrolytic cell was mounted in a 
water bath and, except where otherwise stated, was maintained at i8^ C. 

Observations have been made mainly with three electrolytes : n~ 
sulphuric acid, 0-2 M-KH3PO4 *-}- 0*2 M-NagHPO^ buher mixture of 
approximately pn 6*8, and N-sodium hydroxide ; these are subsequently 
referred to as acid, neutral, 
and alkaline stock solutions. 

Before use, the appropriate 
stock solution was boiled, 
cooled, and 200 c.c. introduced 
into the cell, a stream of nitro- 
gen being passed throughout 
these operations. No attempt 
was made to remove the last 
traces of oxygen since it is 
inevitably formed in the 
course of anodic polarisa- 
tion, and experiment showed 
that the phenomena studied 
were not appreciably affected 
even by the presence of large 
quantities of oxygen. After 
each experiment the solution 
was stirred with nitrogen to 
remove any accumulation of 
anodic products near the 
electrode. 

The oscillograph tracks, 
together with suitable refer- Tig. z, — ^Electrol)d:ic Cell, 

ence lines, were photographed 

using Ilford hypersensitive panchromatic plates with a 3 to 6 seconds^ 
exposure. All potentials quoted are on the hydrogen scale. 

Results. 

General Factors. — In Plate I, A, B and C are shown the characteristic 
oscillograms in acid,, neutral and alkaline solutions severally at 18° C. 
and with a polarising current density (C.D.) of 0*01 amp./sq. cm,, there 
being a 6*o /itF. condenser in series with the cell. The spots on the extreme 
left of each photograph indicate the steady hydrogen and oxygen evolu- 
tion potentials at the same C.D. In alkaline, but not in neutral or acid 
solution, the oscillogram was found to change with time, and this is shown 
in Plate I, D, in which track i was obtained immediately after switching 
on the pulsating current, while track 2 was obtained after 15 minutes' 
pulsating electrolysis. This change was accompanied by a darkening of 
the electrode, and it appeared to be due to an appreciable dissolution of 
platinum during each anodic pulse followed by its deposition in a finely 
divided form in the consecutive cathodic pulse, thus leading to an increase 
in the efiective area of the electrode. Apart from this, the oscillograms 
were remarkably reproducible. They were unaffected by anodic and 
cathodic prepolarisation of the electrode (10 minutes at o-i amp. /sq.cm.), 
by stirring with the gas stream, and identical tracks w^ere obtained with 
different platinum electrodes provided the area in each case was the 
same. When the solutions were saturated with oxygen, and oxygen gas 
bubbled through, the sole effect was a slight shortening of the pause in 
the vicinity of the reversible hydrogen potential. Change of C.D. had 
only a slight effect on the oscillograms which is illustrated in Plate I, E ; 
tracks i and 2 were obtained with C.D.s of 0*025 0*005 amp./sq. cm. 

respectively in acid stock solution at 18° C. The main parts of the oscillo- 
grams are identical, but the positive potential ultimately attained is slightly 
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lowered by decrease of C.B. Increase of temperature bad also only a slight 
effect on the oscillograms. This is illustrated in Plate I, F, in which tracks 
at 18° and 60"^ C. are shown for the acid stock solution and a polarising C.D. 
of 0*01 amp./sq. cm. ; at the higher temperature the slope of the upper 
portion of the oscillogram is reduced and the final positive potential slightly 
lowered. It has been mentioned that anodic prepolarisation had no effect 
on the oscillograms, and this was always so if the potential of the working 
electrode was taken to the hydrogen evolution value in each cathodic pulse ; 
if, however, the quantity of electricity passed in each pulse was insufficient 
for this to be achieved, then anodic polarisation greatly increased the slope 
of the upper portion of the oscillograms and raised the positive potentials 
finally attained. This is illustrated in Plate II, G, by results obtained in 
the neutral stock solution with a polarising C.D. of o*oi amp./sq. cm. 
and with three different settings of the amplitude control. In each case 
5 minutes anodic prepolarisation at o*oi amp./sq. cm. was gi\'en ; the 
tracks were arbitrarily displaced by manipulation of the X-shift control 
so that they should be clearly distinguishable. Track i, in which the 
quantity of electricity passed was insufficient to reduce the potential 
below the upper break in the normal curve, is very steep and has prac- 
tically the same slope as the middle section of the usual track ; track 2, 
in which the quantity of electricity passed was sufficient to reduce the 
potential slightly below the customary upper break, is appreciably less 
steep ; track 3, in which the potential was taken to the hydrogen evolution 
value, is practically identical with the usual track. 

The quantity of electricity passed at any stage in the anodic polar- 
isation process studied is directly proportional to the horizontal deflection 
of the oscillograph, and is determined by the capacity of the series con- 
denser and the voltage to which it is charged. By applying known 
deflecting voltages the oscillograph was calibrated, and i v, on the con- 
denser was found to correspond to an average horizontal displacement 
of 1-0 mm. on the photographs Hence the quantity of electricity passed 
in any stage of the polarisation, or the apparent capacity of the electrode 
in any section, is readily found by measurement of the recorded tracks. 
By using different series capacities, numerous check values were obtained. 
Average values from a large number of measurements are given in the 
Discussion. 

Influence of Catalytic Poisons. — In Plate II, H, are shown the oscillo- 
grams for the polarisation of the platinum anode at o»oi amp./sq. cm. 
in the neutral solution, and in the same solution containing o*oi m. -mer- 
curic cyanide- In the presence of the poison, the initial slow stage in the 
anodic polarisation is completely eliminated, and the potential rises 
rapidly from the beginning. The customary upper change of direction 
of the track is displaced to a more positive value, and the potential then 
rises more slowly than usual to the oxygen evolution point. A similar 
behaviour was found in the presence of carbon bisulphide, and this is 
illustrated in Plate II, I, where the tracks are shown for an identical 
experiment with neutral stock solution and with the same solution 
saturated with carbon bisulphide. With arsenical additions (ASgOg, 
NagHAsOa) the same general tendencies were apparent, but the poisoning 
action appeared to be comparatively slight. 

Influence of Anions. — The effect on the oscillograms of adding various 
potassium salts to the stock solutions was investigated. Where the anions 
introduced were such that no discharge was likely, e.g. nitrate, fluoride, 
etc,, no effect was apparent, but where the anions could be discharged 
at the anode to give products other than oxygen, the oscillograms were 
markedly affected. Thus in Plate II, J, are shown the oscillograms for 
the polarisation of the platinum anode at o*oi amp./sq. cm. in acid stock 
solution, and in the same solution containing o*i m. -potassium chloride. 
In Plate II, K, is shown a similar experiment with neutral stock solution. 
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and with the same solution containing o-i m. - potassium bromide. The 
spots on the extreme left of each photograph indicate the steady hydrogen, 
halogen, and oxygen evolution potentials at the same C.D. In both 
cases it is to be noted that the initial and middle sections of the polarisa- 
tion curves are identical, but in the presence of halide the potential then 
rises rapidly to that of halogen liberation, and there is no sign of the usual 
gradual polarisation process although this normally occurs at a potential 
lower than that for halogen liberation. In Plate II, L, is shown an experi- 
ment similar to the above but with alkaline stock solution, and with the 
same solution containing o-i M,-potassium iodide.. Here the initial section 
of each curve is much the same, although in the presence of iodide it is 
displaced to a rather more positive potential, but the middle sections 
are quite different. In the presence of iodide the potential rises rapidly, 
and as steeply as in acid or neutral solution, to that for iodide ion dis- 
charge, whereas in the absence of iodide the gradient is much less steep. 
As with acid and neutral solutions, the presence of the halide appears to 
eliminate entirely the upper portion of the ordinary polarisation curve, 
although the process to which this corresponds sets in below the iodide 
ion discharge potentiaL 

Discussion. 

A platinum electrode subjected to alternate anodic and cathodic 
polarisation (as in the present experiments) is normally in an " active 
state, ® and the results obtained in the present work are in general agree- 
ment with those recorded by Butler et al.^ for such an electrode.'^ Three 
general stages in the anodic polarisation can be detected : 

(1) An initial slow and somewhat irregular, although reproducible, 
rise of potential. 

(2) A rapid linear rise of potential constituting the middle section of 
the curves. 

(3) A slow and approximately linear change passing ultimately into 
oxygen evolution. 

Stage (i) has been attributed ^ to the ionisation of free and adsorbed 
hydrogen, and this receives independent support in the present study 
from the effect of catalytic poisons and the results in solutions containing 
halides. This stage can be eliminated entirely in the presence of strong 
catalytic poisons, and it is apparently independent of the ultimate anodic 
products obtained on electrolysis ; both these features would be expected 
for a stage corresponding to the ionisation of cathodically formed hydrogen. 
Pearson and Butler ® have represented this initial section of the anodic 
polarisation graph as consisting of a horizontal portion of steady potential, 
attributed to the ionisation of free hydrogen in the solution, followed by 
a linear rise of potential which they consider is due to the ionisation of 
adsorbed hydrogen ; the present oscillograms show that the actual track 
is more complex in detail than this simple view would imply although the 
general picture is confirmed. Taking the above view to be correct, 
measurement of the oscillograms gives the quantity of electricity required 
to remove the adsorbed hydrogen as approximately 420 microcouiombs 

® Hammett, J. Amer. Chem. Soc., 1924, 46, 7 ; Beans and Hammett, ibid.^ 
1925, 47, 1215 ; Butler and Armstrong, J. Chem. Soc., 1934, 74^- 

’ Bowden concluded that the change of potential from the hydrogen to the 
oxygen evolution value was in general linear with quantity of electricity passed. 
This has not been found by any subsequent worker, and a careful examination 
of Bowden's work shows that his results were probably vitiated by the inertia 
of the galvanometer he used as potential indicator. In the present work, at 
C.D.'s, comparable with those used by Bowden, the rapid second stage An the 
polarisation occupies about o-oi second. This is of the same order as the period 
of the galvanometer used by Bowden, which was stated to be 0-003 second, and 
it therefore seems likely that in his work this very rapid change would be 
obscured. ^ Loc. cii., ref. 
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per apparent sq. cm. for acid, neutral and alkaline stock solutions ; this 
IS in reasonably close agreement with the average value of 480 micro- 
coulombs per apparent sq. cm. obtained by the workers quoted using a 
different method for an active platinum electrode in dilute sulphuric acid 
solution. 

Stage (2) has been ascribed to the charging of a double layer » and in 
acid and neutral solutions the present results confirm this conclusion; 
thus this section of the curve is not appreciably afiected by catal3d;ic 
poisons and the slope is substantially unchanged whether the ultimate 
anodic product is oxygen or halogen. Measurement of a large number 
of oscillograms with different capacities in series with the electrolytic ceil 
gives average values of 200 and 300 microfarads per apparent sq, cm. 
for the capacity of the double layer in acid and neutral stock solutions 
respectively ; Pearson and Butler quote a value of 280 microfarads per 
apparent sq. cm. for a platinum electrode in dilute sulphuric acid, which 
is of the same order. In alkaline stock solution it seems doubtful if the 
middle section of the curve can be attributed merely to the charging of a 
double layer ; the slope is here much more gradual than in acid and neutral 
solutions, corresponding to an apparent capacity of about 500 microfarads 
per apparent sq. cm., and it is markedly changed in the presence of iodide. 

The characteristics of Stage (3) in the anodic polarisation are of great 
interest. The onset of this stage is well defined in the present oscillograms 
and corresponds to potentials of -f- 0*87, -f- 0*50, and -f- o*o6 v. severally 
for acid, neutral and alkaline stock solutions. Grube ® found that the 
potential of platinous oxide against platinum, while not very well defined, 
was about + 0*9 v. for the freshly prepared oxide in 2N,-sulphuric acid. 
Assuming the ordinary equation for variation with hydrogen ion concentra- 
tion, this gives values for the static oxide potential of approximately 
+ 0-88, + 0*49, and *f 0*07 v. for the present acid, neutral and alkaline 
stock solutions. These are in remarkably close agreement with those 
corresponding to the onset of Stage (3), and it is difficult to resist the 
conclusion, therefore, that this represents the commencement of oxide 
formation at the electrode. The quantity of electricity passed from the 
beginning of Stage (3) to the point at which the potential begins to approach 
a constant value can be estimated approximately from the oscillograms 
and is found to be about 1000 microcoulombs per apparent sq. cm. for all 
solutions ; this is sufficient for the liberation of approximately 3-1 x 
atoms of oxygen. Taking the specific gravity of platinum as 21*4, the 
diameter of the platinum atom may be calculated to be approximately 
2-5 X io-» cm., and hence there should be about i-6 x atoms of 
metal per sq. cm. at a platinum surface. There is some uncertainty as 
to the ratio of the real to the apparent area at a smooth platinum surface, 
this having been variously estimated by difierent observers as between 
i»5 and 3. If the commonly accepted value of 2 is taken, then it would 
appear that the quantity of electricity passed in Stage (3) would provide 
I atom of oxygen for each platinum atom in the electrode surface. Stage 
(3) would thus seem to correspond to the formation of a monatomic layer 
of oxygen on the platinum surface, probably in. the form of platinous 
oxide. Butler et al.^ have reached a similar conclusion with regard to 
the amount of oxygen deposited on the platinum prior to oxygen evolution, 
but maintain that no definite oxide is formed. The chief evidence for 
this point of view appears to be that in the cathodic polarisation of a 
platinum electrode which has previously been anodically treated, no 

® Z. Elektrochem., 1910, 16, 621. 

Bowden,® working with 0*2 N. sulphuric acid as electrolyte, found a 
break in his anodic polarisation curves at -p 0-87 v., and showed that platinum 
after superficial oxidation in various ways gave about the same potential on 
iunnersioii in the oxygen saturated electrolyte. Hoar {Proc. Roy. Soc., A, 1933, 
I 43 f 628), from work on the oxygen electrode, also concluded that an oxide layer 
was formed on platinum. 



A. HICKLING 


339 


depolarisation process is observed which can be distinguished from that 
due to reduction of oxygen in the solution near the electrode. This 
evidence appears to the present author to carry little weight, since it is 
by no means improbable that reduction of dissolved oxygen occurs through 
intermediate oxide formation at the electrode. The potential observations 
reported above would certainly seem to suggest that platinous oxide is 
definitely formed. During the formation of this oxide, the potential 
rises approximately linearly with quantity of electricity passed. This is 
at first sight somewhat unexpected as it might be thought that the potential 
would remain stationary at the static value for the oxide until the surface 
layer was complete. It would appear that the potential after the com- 
mencement of Stage (3) is conditioned by some very unstable species re- 
acting rapidly to give the oxide which is being formed, since if the polarising 
current is interrupted the potential drops almost immediately to the 
static oxide value. Until extensive data are available for other metals, 
it appears premature to attempt to elucidate the potential mechanism 
further. To account for the linear rise of potential with quantity of 
electricity passed, it has been suggested ^ that oxygen dipoles are adsorbed 
at the electrode surface. This type of potential mechanism has frequently 
been advanced in recent years to account for linear changes of potential, 
but it should be emphasised that no direct experimental evidence of any 
kind is available to support it, and it must be regarded, however plausible, 
as a purely ad hoc hypothesis. 

The present results raise some interesting questions as to the general 
mechanism of anodic processes. Whenever oxygen is the ultimate pro- 
duct at the anode, the oscillograms are fundamentally the same independent 
of the nature of the anions present. This strongly suggests that in all 
these cases the anodic process is essentially the same and probably cor- 
responds to the discharge of the hydroxyl ion followed by oxygen accumu- 
lation at the electrode, this latter governing the potential exhibited. In 
the presence of halides, however, the anode potential rises immediately 
the double layer is charged to the reversible halogen potential, even where 
this is higher than that corresponding to what has been termed the oxide 
formation at the electrode. According to current orthodox electrochemical 
conceptions, this is highly paradoxical since it is normally considered that 
the process requiring the least potential wuU necessarily occur firsi . No 
simple explanation of this peculiar behaviour (about which the oscillograms 
J, K and L leave no doubt) is apparent, but it would seem to imply some 
fundamental irreversibility in the initial anodic process. It may be noted 
that a similar conclusion has been arrived at from electrolytic oxidation 
studies. 

Summary. 

1. The initial build-up of anodic polarisation at a smooth platinum 
anode over a wide range of conditions has been investigated by a new 
oscillographic method. 

2. The experimental results of previous workers have been confirmed 
and extended, and three main stages in the polarisation have been dis- 
tinguished corresponding to the ionisation of hydrogen, the charging of a 
double layer, and the deposition of oxygen at the electrode ; it is suggested 
that the last process corresponds to the formation of a unimolecular layer 
of platinous oxide on the electrode surface. 

3. Attention is drawn to a singular anomaly which occurs in the 
presence of halides, when the anode potential rises directly to that for 
halogen evolution even where this is higher than the value at which 
oxygen can normally begin to deposit on the anode surface. 

Department of Inorganic and Physical Chemistry, 

University of Liverpool 

See Glasstone and Hickling, Chemical Reviews, 1939, 25, 407. 
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L Introduction. 

Considerable progress has been made in interpreting the properties 
of polymer solutions and gels in the light of statistical calculations of the 
entropy of mixing of polymers with liquids.^ The basis of most of these 
applications has been the assumption that the Gibbs free energy of 
dilution AGq oi such a mixture by the liquid was expressible in terms of 
the entropy of dilution A 5 o, as calculated statistically on the assumption 
of random mixing, and a heat of dilution proportional to the square 
of the volume fraction Vr of the polymer. Huggins has shown that a wide 
variety of thermodynamic data can be represented in this way ; the present 
paper will include a more sensitive test of the validity of the assumption. 

Free energies of dilution of polymer solutions have been calculated ^ 
from data on vapour pressure, osmotic pressure, swelling pressure, and 
freezing point depression. Corresponding values for the heats of dilution 
are almost entirely lacking, and it is therefore impossible to check whether 
the quantity employed to relate the theoretical entropy to the experi- 
mental free energy is equal to the heat of dilution, or whether it contains 
also an empirical correction factor. The direct measurement of heats 
of dilution for polymer systems is exceedingly difficult ; a new attempt 
to do so for mixtures of natural rubber -|- benzene is now in progress. 
Here we present estimates of the heats of mixing of natural rubber with 
a number of liquids, based on calorimetric measurements of the heats 

of mixing of low molecular liquid homologues of rubber with the same 

liquids, and of the entropies of mixing obtained by combining these with 
vapour pressure data. 

2. Heat and Volume Changes on Mixing Dihydromyrcene and 
Squalene with other Liquids. 

A quantity of dihydromyrcene and a much smaller amount of squalene 
were made available to us by Dr. E. H. Farmer, to whom our thanks are 
due. These substances contain respectively two and six isoprene units 
per molecule, and may thus be regarded as very low molecular homologues 
of natural rubber. The heats of mixing of dihydromyrcene with a series 

of liquids were measured in the calorimeter shown in Fig. i. In order 

to conserve materials it was necessary to work with relatively small 
volumes of liquids (not more than 10 c.c. dihydromyrcene for the whole 
series of measurements on each liquid) . The heat absorption to be measured 
in a typical mixing was thus of the order of i cal. Attempts to do this 
in a small vacuum jacketted calorimeter of small heat capacity were 

^Huggins, J.J.C.S., 1942, 64, 1712. Flory, /. Ckem. Physics, 1942, lo, 51. 
Gee, Tyans. Farad. Soc., 1942, 38, 276, 418 ; 1944, 40, 463, 46S, Aizn. Kepis. 
Chem. Soc., 194^' 7 - Recent Advances in Colloid Science, Vol. 2 (Interscience 
Publishers, in press) . 

2 Refs. I and especially Huggins, Ann. N.Y. Acad. Sci., 1942, 43, i ; Ind. 
Eng, Cham., 1943, 35, 216. 
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rendered inaccurate by relatively large heat losses, and the arrangement 
shown was finally adopted. It consisted of a thermostatted vacuum 
vessel almost filled with water, in which were suspended two coaxial 
bulbs, the tube of the inner bulb being a close, fit into the outer so as to 
minimise loss by evaporation. The liquids A and B were in the outer and 
inner bulbs respectively, the lower end of the latter being sealed by a pool 
of mercury. Mixing of the two liquids 
was accomplished by raising the inner 
bulb out of the mercury and rotating it so 
that the liquid vras stirred by the vanes 
attached to the inner bulb. Several 
samples of B could be added successively 
without removing the calorimeter from 
the thermostat, the inner bulb being com- 
pletely emptied each time by passing a 
gentle stream of nitrogen through it. 

The water in the calorimeter was stirred 
by a slow stream of air presaturated with 
water vapour. A layer of cork, C, was 
found necessary in order to prevent water 
splashing through the exit tube. The 
temperature change was measured by 
ten copper-eureka thermocouples, T, in 
series, arranged at different levels, with 
the cold junctions in a second vacuum 
vessel also filled with water, and con- 
tained in the same thermostat ; the con- 
necting leads passed through a short 
length of lead tubing. The heater H 
was of ca> lo ohms resistance, and per- 
mitted small measured quantities of energy 
to be introduced in order to determine 
the heat capacity. This \v 3 ls approxi- 
mately 65 cals., so that the temperature 
change to be measured was of the order 
of a hundredth of a degree, and the 
thermoelectric e.m.f. a few microvolts. 

This was measured directly by means of 
a Tinsley taut suspension galvanometer, 
of resistance 9*5 ohms and sensitivity 
180 mms, per microamp. The overall 

sensitivity (maximum 5 metres per degree) was determined by calibrating 
against Beckmann thermometers, the galvanometer deflection being very 
nearly proportional to the temperature difference between the hot and 
cold junctions. 

In order to make the heat interchange with the surroundings during 
an experiment small compared with the quantity to be measured, it was 
necessary that both hot and cold junctions should be very near to the 
thermostat temperature.* In order to ensure this, it was found desirable 
to check the cold junction temperature before and during an experiment 
by a Beckmann thermometer, and to leave the calorimeter in the thermo- 
stat overnight before making the first addition. Subsequent additions 
could be made after an interval of i to 2 hours. Under these conditions, 
the correction for heat interchange with the surroundings was small, and 
the temperature change on mixing was nearly that calculated from the 
maximum galvanometer deflection. 



0 f Z 5 4 5 
5cdk (cfri). 

Fig. I. — Calorimeter. 


* A further precaution was to make the thermocouples of sufficiently fine 
wire for heat loss by conduction to be negligible ; 20 s.w.g. eureka and 38 s.w.g. 
copper were actually employed. 
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A typical series of measurements of the heat of mixing of the two liquids 
was performed in two parts. In the first, 5 c.c, of liquid A in the outer 



Fig. 2.— -Heat of 
mixing of CS^ and 
d ihydromyrcene . 


bulb was diluted with four successive additions of liquid B, until the 
mixture contained approximately equal volumes of A and B. The 
procedure was then repeated, with the liquids interchanged. The heat 

absorptions measured were used to calcu- 
late the heat of mixing' AH® oi Vq c . c . of 
liquid A with (i — Wp) c.c. of liquid B ; 
results obtained in this way for CS^ -f di- 
hydromyrcene axe shown in Fig. 2. In 
accordance with the usage of earlier papers 
the volume fraction of dihydromyrcene 
(regarded as '‘rubber'*) is written ; 
that of the other liquid Vq. Points in the 
two halves of the experiment are diferentiy 
indicated, and it will be noted that all lie 
on a smooth, almost parabolic curve. This 
curve would be exactly parabolic if Hilde- 
brand's expression ^ for the heat of mixing 
was obeyed : 



.2 (Cdi./cc,') 

Q Q a BQ 5 9- 



^0 





~ OLV^Vr . . (l) 

The deviation from this form can be repre- 
sented most readily by employing each 
experimental point to calculate a value 
of a ; the results for a series of liquids 
are shown in Fig. 3. It is evident that 
equation (i) is obeyed with considerable 
accuracy by most of the liquids examined, 
only acetone and chloroform showing large 
deviations. There appears to be a real. 


3. — Heats of mixing of liquids with 
dihydromyrcene. 

Acetone. " — 


Benzene 
TQ 


5. Heptane. 

6. CCL, 


though small, deviation in the CSg data, although the extreme points are 
less accurate than the remainder. 


Hildebrand, Solubility (Reinhold, 1936). 
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The constant a is given, according to Hildebrand's theory by 

a= (V^o - Ver)" . . . • (2) 

where and are the cohesive energy densities of the liquid and of di- 
hydromyxcene ; a should thus always be positive, so that {2) evidently 
breaks down for CHCI3 and CCI4. By comparison with other hydrocarbons 
we may estimate y'er for dihydromyrcene as 7*43 (cal./c.c.)-, for squalene 
as 7*78 (caL/c.c.)^ while the value for natural rubber has been previously 
estimated ^ as 7*98, In Table I, values of a calculated from (2) are com- 


TABLE I. — ^Heat and Volume Changes in Dihydromyrcene Mixtures. 


Liquid. 


a(cal./c.c.}. 

100 (c.c.). 

Vf^Vr 


(cal./c.c.)L 

calc. 

obs. 


Benzene . 

9*18 

3'io 

5-1 

^*5 

Toluene 

9*02 

2*56 

I -60 

0-2 

Heptane 

7-5o 

0‘Oi 

o*7o 

-0-4 

CS. 

10*0. 

6*9 

4*3 

1*2 

CCh 

3-55 

l>2s 

— 17 

-0*3 

Acetone 

977 

5 ’5 

S to 16 

0*4 

CHCI 3 , 

9'3o 

3-5 

— 1*6 to — 3*5 

0-2 

1 


pared ^vith the experimental values, and it is evident that while there is 
a rough agreement as to order of magnitude for benzene, toluene, heptane, 
CS2, and acetone, the halogenated hydrocarbons fall completely out of 
line. 

It has been suggested ^ that the general source of disagreement between- 
calculated and experimental heats of mixing of liquids arises from the 
failure of the assumption involved in the derivation of equation (2) that 
there is no volume change on mixing. In order to test the importance of 
this factor in the present case the volume changes on mixing were measured 
in a simple modification of the apparatus described by Hildebrand and 
Carter.® It consisted of a U-tube of total volume ca. 7 c.c., the upper 
parts of the two limbs being of capillary tubing, closed at the outer ends 
by stoppers. The tube was filled with 3 c.c. of mercury plus 2 c.c. of each 
liquid under examination and thermostatted, the mercury forming a seal 
between the two liquids. After reading the liquid levels in the capillaries, 
the two liquids were mixed by allowing the mercury to flow from limb to 
limb and the levels again noted. The expansions observed (AF“ c.c./c.c. 
of total liquid), are given in Table I, expressed as 100 which is 

reproducible to ± 0*2 c.c. The energy required to compress the mixture 
isothermaily to the volume it would have if mixing occurred without change 
of volume is approximately ravAFm/4i*3j3 cal. where av(deg.''i), j8(atin'i) 
are the coefficients of cubical expansion and compressibility of the mixture. 
For most liquids at room temperature rav/4i*3^^^ 100 cal. /c.c., so that 
the last column is approximately equal, numerically, to the contribution 
to the heat of mixing from the work done against the intermolecular 
forces in the observed expansion. This contribution is by no means 
negligible for benzene and CSo but the lack of correlation between the 
last two columns shows that it does not account quantitatively for the 
discrepancy between the calculated and observed values of a. In view 
of this conclusion, it was not considered worth while to investigate the 
constancy of the function 

^ Gee, I.RJ. Trans., 1943, 18, 266. 

^ Scatchard, Trans. Farad. Soc., 1937, 33, 160. 

® Hildebrand and Carter, J.A.C.S., 1932, 54, 3592. 
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3. Estimation of Heats of Dilution of Rubber from Calori- 
metric Bata. 

In order to obtain the heat of dilution Ai^o» re-write equation (i) 
to give the heat absorbed AH, on mixing Nq moles of liquid (molar voL 
Uo) Av moles of rubber (molar volume T>A) in the form ; 

ATT ^ CtAoArFoFr 

\T T/. ^ \r.T/_ ' ■ ‘ • (^ ) 


and dih'erentiate, to obtain AHq s 


N,V, 4- NrVr 
/ciAH\ 




If a is constant, the result is 

AHq/Vt^ = aFo . . . . (3) 

If a is not constant, we may still express the experimental results in 
terms of a, and it may then be shown that 


AHo / 


Using values of 'boij'bvr from the smoothed curves of Fig. 3, wre thus obtain 
AHoA'r- as functions of Vt for dihydromyrcene in acetone and chloroform ; 

for the other liquids (3) may be used with 
sufficient accuracy. 

We have now to consider the relation 
between the heats of dilution of dihydro - 
myrcene and of rubber by the same liquid. 
If we denote the respective “ constants 
of equation (i) by a,i, ar, (2) gives 

otd -= (V^O - 7’42)“; «t = (V^o - 7’98)^ 
whence 

ad - otr = i*i2(Veo - 770)- * (5) 

This equation should be true provided 
that the difference between the heats of 
dilution of dihydromyrcene and rubber 
Fig. 4. — Heats of mixing of can be represented completely by the 
squalene with benzene (i), Hep- difference of cohesive energy density, i.e. 
tane (2)- provided that the factors responsible for 

the failure of equation (2) are equally oper- 
ative in both cases. This is clearly a plausible assumption, and one 
would expect (5) to hold much more closely than (2). A limited test of 
its validity has been made by comparing the heats of mixing of benzene 
and heptane with dihydromyrcene and squalene. Denoting the constant 
of mixtures with the latter by as, equation (5) should be replaced by 

ad — as = 0-72 (V'^o 7'bo) . . . (5') 

The experimental data for the squalene mixtures are given in Fig. 4, 
which shows equation (i) to be very well obeyed. Table II shows that 
the observed and calculated values of (aa ~ as) are in excellent agreement : 



TABLE II. — Heats of Mixing with Squalene and Dihybromyhcene. 


Liquid. 

ad. 

as. 

ad as. 




(obs.) 

(calc.) 

Benzene . 

5-1 

3*95 

I'lg 

I-Ig 

Heptane . 

0-65 to 0-8 

0-8 to 0*7 

1 

±0-15 

0*07 
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Values of have therefore been computed by using the experimental 
values of ad and values of (ad -- ar) calculated from equation (5) giving : 


TABLE III. 


Liquid. 

(cal, /mole): 

Benzene . 

310 

Toluene 

15 

Heptane . 

135 

GS2 . 

95 

CCI4 . 

-255 


For acetone and CHCI3 combination of 
(4) and (5) gives : 

AH,/V\Vt^ - 

ad-^^o^ad/t)t;r-i‘i2 (V^o-7-7o)' (6) 

Values of AHqIvt^ plotted in Fig. 5 were 
calculated from this expression. These 
results (Table III and Fig. 5) constitute 
our estimates of the heats of dilution of 
natural rubber by the seven liquids con- 
cerned. 

One rather puzzling feature is the 
apparent constancy of AHq/vt^ for most 
of the liquids, since the number of con- 
tacts between rubber and liquid will 
depend on their relative molecular sur- 
faces, which will not be proportional to 
the volume fractions, except in the 
artificial case of infinite co-ordination 



number,’'* It is true that this constancy Fig. 5. — Estimated heat of 

has only been proved experimentally dilution of natural rubber by : 

for mixtures with dihydromyrcene and (i) acetone, (2) CHCI3. 
squalene, but the case of benzene -f 

squalen e affords a very striking example of the disagreement between 
theory and experiment ; according to Orr’s calculations the value of 
AHqIvt^ at = o should be only about one half of that at z/r = 1. The 
origin of the discrepancy remains obscure, but these experimental results, 
so far as they go, support the usual practice of assuming AH^ cc for 
polymer -f liquid, as well as for mixtures of two liquids. 

The heat of dilution obtained for benzene does not agree with our 
direct estimate reported earlier ® according to which ANqIvi^ varies from 
160 cal. /mole at y, — i to 60 cal. /mole at = o ; we wish to defer com- 
ment on this until further work on benzene, now in progress, is completed. 


4. Estimation of Entropies of Dilution. 

The free energy of dilution of natural rubber by each of these liquids 
has been calculated from the available vapour pressure data, and combined 
with the above thermal measurements to give an estimate of the entropy 
of dilution. The results are shown in Figs. 6 and 7, in which ASo/Vr^ is 

’ (a) Gee and Treloar, Trans. Farad, Soc., 1942, 38, 147. {b) Orr, ibid., 

1944, 40, 320. 

8 Gee, ibid., 1942, 38, 418 ; cf. y{a). 
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plotted against v,, and compared with the theoretical value obtained from 
jMiller's equation ^ 

ASo = — (i — e-’r) ‘ ‘ 

In Fig. 6 curves are shown for three values of the co-ordination number 
Z, viz. 4y 6, «». With Z — co, (7) reduces to Flory's expression : 

ASq = — i?[ln(l — Ur) + ’ (8) 


It is easily shovui from (7) that 


/ AF o\ 

_ / ASq'^ 

\ 

in?) = 


'Z=oo 


I -f 


3 ^ 






•) • ( 9 ) 



Fig. 6, — Entropy of dilution of natural rubber by hydrocarbons. 
OJ^Benzene at 25° C.’“ A Heptane at 40° C.® X Toluene at 25® 
Dotted curves calculated from equation (7). 


so that plots of AS^/Vt^ — Vt for different values of Z are nearly super- 
posable by adding suitable constants* Huggins ^ has shown that a very 
wide range of thermodynamic data (including that used here) can be re- 
presented by an equation of the form 


AijQ _ / AFq N ^ 


(10) 


^ Unpublished experiments, 

Meyer and Boissonnas, Helv, Chim, Acta, 1940, 33, 430. 

Miller, Proa. Camb, Phil. Soc., 1943, 39, 54, 131. 

* This is a simplification of the general equation, valid for polymers of high 
molecular weight, except in dilute solutions. 

^*Floiy, J, Chem. Physics, 1941, 9, 660 ; 1942, 10, 51. 
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where /li is a constant, 
we have also 


Now, for those liquids for which AHq = 

_ ^ 

Tvr’- T ' ■ ■ • > 


Huggins’ observation thus requires that for these liquids the entropy 
curves should be either identical or at least superposable by adding suitable 
constants. This is nearly true in most cases, although the present method 
of plotting provides a much more severe test of equation (lo) than that 
employed by Huggins. If equation (lo) holds for liquids for which 
ABq ^ UiVoUr^ it follows that ASq/v^ cannot be of the standard form. 


It is evident 

from Figs. 6 and ^4.0 t 

7 that our esti- / 

mated entropies / 

of dilution, al- / 


though generally 
of the expected 
form, do not 
agree quantita- 
tively either 
among them- 
selves or with 
the theoretical 
equation. It is 
unlikely that the 
free energies de- 
duced from 
vapour pressure 
data can be 
seriously in error 
for Vx > 0*5, but 
the lower points 
are ni ach less 
certain. Some 
part at least of 
the disagreement 
may arise from 
errors in the 



heats of dilution ; Fig. 7. — Entropy of dilution of natural rubber by polar 
this cannot liquids, 

at present be Curve i. Theoretical {Z == 6). Curve 4. Acetone at 35° C 1- 

checked. Dis- 2. CSg at 25° C.^i 5. CHCL at 35° C.^^' 

cussion of the 3 * CCI4 at 35° C.^^ 6. CHCI3 at 25° C.^^ 

origin of these 

different entropies of dilution must therefore be somewhat tentative at 
present. 

The first point to be noted is that equation {7) was deduced on the 
assumption of random mixing, so that it can only be expected to apply 
accurately to athermal mixtures. The nearest approach to this condition 
is provided by toluene, heptane and CSg, and it is satisfactory to note 
that these three liquids give entropy curves in fair agreement with theory, 
assuming lo\v co-ordination numbers (4 to 6). There is, of course, no 
reason to suppose that the co-ordination number will be the same for all 
mixtures of rubber liquid, or even that it will necessarily be independent 
of concentration in any particular mixture. The effect of finite heats 


Stamberger, J.C.S., 1929, 2323. 
^®Lens, Rec. trav. cJmn., 1932, 51, 971. 



348 INTERACTION BETWEEN RUBBER AND LIQUIDS 

of mixing on the entropy of dilution has been estimated by OrrU^ and 
shown to be small for heats of mixing of the order found experimentally 
for most of the liquids with which we have worked, the only possible 
exception being acetone. The efiect vanishes for Z == oo, and for finite 
values of Z is positive at low Vr, negative at high. Using Orr's equation, 
the theoretical entropy of dilution of rubber by benzene, taking =310 
cal. ; Z == 6 is 2*08 caL/iiiole/°C. at Vr — 0^8, which is almost identical 
with the value calculated for athermal mixing. The high entropy found 
experimentally for benzene appears to be a specific ef ect, and is probably 
due to the fact that this liquid is known from other evidence to be rather 
highly ordered,^® due no doubt to a tendency for the fiat molecules to pack 
with the planes of adjacent molecules parallel. The very large expansion 
found on mixing with dihydromyrcene (Table I) is almost certainly con- 
nected with the breakdown! of this ordered arrangement. 



Fig. 8 . — Thermodynamic 
functions for the system 
natural rubber 4- methyl al- 
cohol. 

(I) _^^at25°C. 

(3) 5^2 30° D. from (i) 

and (2). 

(4) at 30° C. from (i), 
(2) and (3). 


Acetone is an example of a liquid possessing a rather large heat of 
mixing with rubber, the two materials being only partially miscible. The 
tendency towards separation into two phases is shown by the rapid fall 
of both AHo/TUf^ and AS^/Vr^ as the acetone content is increased, indicative 
of increasingly non-random mixing. Although in the direction indicated 
by Orr’s analysis, both effects are considerably greater than would be 
given by the theory. Taking JSTw ~ 1000 cal., Z = 6, the calculated 
values at Vi = o*S are Aifo/^^r® — 680 cal./mole; ASq/v^^ == i*86 
cal. /mole /°C. The maximum inhibition of acetone by rubber at 35° C. 
should be only about 8 % by volume, compared with the experimental 
value of ca. 20 %. It is evident therefore that neither the crude theory, 
as developed by Flory and Huggins, nor Orr's refinement of it, applies 
quantitatively to this system, 

CCI4 and CHCI3 present a different kind of departure from the simple 
theory ; the entropy of mixing is again small, but for these liquids Ai? 0 

Scatchard, Wood and Mochel, J. Physic Chem., 1939, 43, 119. 
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is negative, indicating a tendency towards complex formation between 
the liquid and rubber. The very small entropies of dilution at low liquid 
concentrations affords further evidence of order in the mixture, associated 
with complex formation. 

5. Thermodynamics of the System Rubber + Methyl Alcohol. 

The evidence presented above shows that, while the statistical thermo- 
dynamic theory of polymer solutions holds reasonably well for normal 
mixtures it is less satisfactory when the heat of mixing is large. In order 
to test the usefulness of the present theories in an extreme case, we have 



5 to (5 20 25 30 


i^iG. 9. — Theoretical thermodynamic functions for rubber and methyl 
alcohol at 30° C. 

Cun,'e 

2 . -Theoretical for , , 

1 1’r- I = -1*73 k. cal. 


(0) exp.. + 0 ) {ft 6. 


studied the thermodynamic properties of mixtures of rubber -f- methyl 
alcohol. Only about 2 % of methyl alcohol is imbibed by rubber at room 
temperature, so that a ver^^^ limited concentration range is available for 
study. Vapour pressures were measured at 25 ° C. and 35 ° C- by a method 
previously described and used to calculate the free energy and heat 
of dilution. The results are shown in Fig. 8 , from which the following 
points may be noted : — 

(i) AH^/Vr^ falls very rapidly as the alcohol content of the mixture 
increases, This behaviour is paralleled by the heats of solution of alcohols 
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in low molecular hydrocarbons A® and must be ascribed to the almost com- 
plete association of alcohols except in, the most dilute solution. The very 
large heat of dilution as o represents the energy of the hydrogen 

bonds, and is of the same order for methyl alcohol in rubber as for a range 
of alcohols in hexane and benzene. 

(ii) ASq is very much less than its theoretical value, except at very 
small v^, and it is evident that mixing is far from random. 

(hi) These deviations are far larger than would be expected on thc"^ 
basis of Orr’s calculation of the effect of a heat of mixing. The discrep- 
ancy is not surprising, since the theory does not make allowance for 
association, which must in tins case be the dominating cause of irregularity. 
Fig. 9 shows the thermodynamic functions calculated from Orr's equation, 
assuming Z = 6, with the observed heat of dilution extrapolated to = o, 
They^ lead to a predicted maximum imbibition of methyl alcohol at 30° C. 
of Uq = 0'Oo88, which is the same as that calculated from the entropy 
of random mixing with constant. The experimental value is 

some three times higher, a discrepancy very similar to that found for 
acetone. At the same time, curve 4 of Fig. 9 shows that Huggins’ equation 
(10) is still quite a good approximation, the “ constant /Lt varying by 
no more than 25 % over the available concentration range. Over most 
of this range, however, it is not even approximately related to the heat of 
dilution, and it is clear that will be temperature dependent. 

6. Conclusions. 

The statistical thermodynamic theory of polymer solutions is confirmed 
as a valid and useful first approximation. In general, the free energy of 
dilution can be expressed with considerable accuracy as the difference 
between an apparent heat of dilution,” proportional to and T times 
the entropy of dilution calculated for random mixing. The identification 
of these two terms as the true heat and entropy of dilution is not generally 
correct, both being subject to considerable variations arising from the 
existence of order in the components or in the mixture. These variations, 
whose effects on the free energy nearly cancel, are in the direction to be 
expected from Orr’s analysis of the effect of a finite heat of mixing, but 
may be considerably larger. The present theory fails most seriously in 
the estimation of (i) two phase equilibria, and (ii) the temperature co- 
efficient of the free energy. 


Summary. 

Calorimetric measurements of the heats of mixing of seven liquids with 
dihydromyrcene are used to estimate the heats of dilution of rubber by 
these liquids. Combining the results with free energies calculated from 
vapour pressure gives entropies of dilution which show significant devi- 
ations from the present statistical theory. 

A thermodynamic study of rubber q- methyl alcohol shows similar 
but larger deviations. 

This work forms part of a programme of fundamental research on rubber 
undertaken by the Board of the British Rubber Producers’ Research- 
Association . 

British Rubber Producers' Research Associationy 
48 Tewin Roady Welwyn Garden Cityy Herts, 

i^Wolf, Pahlke and Wehage, Z. physik. Ch&m., 1935, 28, i. 



THE DEGRADATION OF HIGH POLYMERS. 
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All current treatments of degradation have the same aim, namely, 
to calculate the size distribution of the resulting fragments after a given 
time and in terms of the average number of cuts undergone by each chain 
in that time. For simplicity, it is generally assumed that the polymer 
system is initially monodisperse though this restriction can be removed 
in any later development of the theory. To date, all treatments have 
involved two assumptions ; these have been stated explicitly by Montroll 
and Simha ^ in the following form : — 

“ (i) The accessibility to reaction of a bond in a given chain is inde- 
pendent of its position in the chain and independent of the length of the 
parent chain. 

(2) All chains in a given mixture are equally accessible to reaction/' 
With these assumptions, the fact that the randomly distributed cuts 
do not all occur at the same time is irrelevant and the resulting distribution 
is the same as when all the cuts are made simultaneously. On this reason- 
able basis, the problem becomes a purely statistical one and is soluble. 
In the present work, it is shown that some of the results already obtained 
by other methods can be derived more neatly and more generally by 
using the technique developed by Darwin and Fowler in their formulation 
of the basic theorems of statistical mechanics, namely, the method of 
steepest descents. Such a treatment gives the necessary average quan- 
tities directly — the results are, however, simple only for high degrees of 
degradation as are also those derived by other methods. The formulation 
of the problem makes it possible to apply the theory to poly-disperse systems 
immediately ; moreover, the relative simplicity of the treatment suggests 
a method of approaching a problem which other methods have failed to 
solve, namely, the result when the restriction imposed by Assumption (i) 
is partially removed. This is perhaps a justification for advancing yet 
another theoretical treatment in this field where the available experi- 
mental evidence is still insufficient to decide between the theories already 
in existence. 

As the extent of degradation can be defined in terms of either the 
fraction of bonds broken or the average fragment length and as a number 
of theoretical treatments already exist, notation has tended to become 
somewhat individual. Here, we take as our degradation parameter, /, 
the (number-) average chain length of the fragments at time ^. For 
con^’enieiice, we give below the notations of some recent treatments. 



Kiikn - 

Moyitrolt and 

Jellinek ® 

Present work 



Simha ^ 


Initial chain length 
Average nuinber of cuts 

N -h I 

^ 4 - r 

Fo 

P 

at time t . 

s 


5 

S 

No. fragments at time t 

{s + I) 

(''0 + 1) 


b =^pll 

Degree of degradation . 

a = s/N 
N 4 - I 

5 4-1 

a = rjp 

CO 

11 


Average fragment length 

p + I 

4- 1 


1 


^ Montroli and Simha, /. Chem. Physics, 1940, 8, 721. 
- Kuhn, Bei\, 1930, 63, 1510. 

® Jellinek, Trans. Far. Soc., 1944, 4 ^* 266. 
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The degradation problem is mathematical^ similar to that of finding 
the partition of energy among a set of harmonic oscillators — ^in the sub- 
sequent development, the equations derived are compared with the 
analogous ones in Fowler and Guggenheim's ^ treatment of the latter 
problem. 

General Theory. 

For convenience, we consider the case of N chains (each of p units). 
One possible initial assumption is that each chain undergoes the same 
number of cuts at any time t ; this would give a relatively simple single 
chain ’'theory but it is very unlikely that the degradation process is subject 
to this restriction. A more general treatment considers only the total 
number of cuts in the system, these cuts being distributed randomly 
among the N chains ; an advantage of the present formulation is that 
the general result comes out more naturally than the restricted one. 

Let each chain be split on the average S times to give S + i = & frag- 
ments. Then, if I is the average chain length at time t, we have h pjl. 
In what follows, I is used as the degradation variable for reasons which 
will appear later. Consider a given way of distributing the NS cuts 
such that there are altogether ni fragments of length i units {i == i, 2 . . . 
p as some chains will not be degraded). Then the given set of numbers 
yii, . . . np (all xero or positive integers) must satisfy the relations 

= Npji (i) 

SilMl = Np (2) 


[cf, F.G, 206, I, 3). The size distribution of fragments corresponding to 
this set of numbers can be produced in ways where 


Qa 


Npjll 

ni I no I . , . i2p ! 


(3) 


and for any distribution of NS cuts, the total number of ways (com- 
plexions), C, is given by 'EaQ^, the summation being taken over all possible 
sets of nt subject to equations (i) and (2) above {cf, F.G. 206.5). 

To define C, we define a generating function f(js) given by 




We shall consider two special cases. 


(1) 0)1 = ~ cr>3 . , . = 3, corresponding to random degradation. 

(2) 0)2 = 0)3 = ct>4 , . . = 3 0)1 I, a special case of non-random 

degradation. 

For random splitting, C is the coefficient of in the expansion of 
after putting all 0)1 = i. For the moment, we retain the o>i 

for reasons which will appear shortly. Now, the coefficient C is con- 

veniently expressed as a complex integral taken round a contour enclosing 
the origin = o. Then 


2irt]y Z^P ‘ Z 


( 5 ) 


with 0)1 I, To characterise the distribution, we have to find an expres- 
sion for Izi, the average number of 2-mers in the assembly. Now, by 
definition, 




^Fowler and Guggenheim, Statistical Thermodynamics, Cambridge, 1939, 
Chap. II, hereafter referred to as F.G. 
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or Cni = the summation being subject to aU sets of m which obey 

equations (i) and (2) and it can be shown that Cn\ is the coefficient of 

in the expansion of . (oji = i), ^ 

OCOi 

I f <k 

Hence, C»i = — : — • - • (?) 

itnJy z^p z 

The integrals (5) and (7) can be evaluated in simple form by the method 
of steepest descents. ^ (This imposes a trivial restriction as the method 
is only valid for large Npjl and Np, a condition always fulfilled.) C is 
evaluated at the col = ^(o < ^ < i) defined by : 


h 

<3 log d 


log /(e) — log tf J = o . 


i-e. e~ logf(9) = I (9) 

For this value of z (and large Np/l, Np), then 

c=a|gj,' 

Now, the advantage of this method of integration is that m can be evalu- 

ated directly without knowledge of C as the factors which mffitiply 

to form the integrand in (7) can be taken outside the integration sign if 
in them we replace z by 6 — ^the detailed proof of this statement is given 
elsewhere. s Hence, substituting in (7), we get 

rNp D I f[/WFJ’/' ^ 




It then follows from (5) that ; 

ni = ^o.,r±^logf(e) . . . (II) 

which on substituting for/(0) by using equation (4) gives 

_ Np ctiiS^ . 



In order to derive the various average molecular weights of the fragments, 
we require summations which are derived from the general formula fOr ni 

(equation 12). First V V = Np/l in agreement wdth 

(i). For 'Imu we have 


using equation (9), in agreement wfith equation (2). Similarly, we have 

■ • ■ (. 3 ) 

and analogous formulae will give S-yzifa. (a = o, i, 2 . . .). 


® F.G., p. 34 ei seq, A fuUer account is given in Schrodinger, Statistical 
Thermodynamics. Dublin Institute for Advanced Studies, 1944, Chap. VI. 
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We now consider the special case of random degradation in which 

== Wg ...:== I. 

Then /{») = 9 + + 8’ + . . . 

= (H) 

By definition, o < 0 < i, so we replace the finite sum by the sum to 

infinity, i,e. ^ and examine later the range in which this approximation 

is valid, for large p ; 8 is then evaluated using equation (9) . 

Then 9llog-^ = i .... (15) 


which gives 9 ^ i — ifl or i — hjp. Then = (i — hlp)^ which is 
very near for large io“ — io^) ; hence, our approximation for 
f( 9 ) is accurate to < i % for 6 = 6 and to < o*i % for 6 = 8. We con- 
tinue our discussion in terms of 6 values > 8 as this gives simple results 
for the average quantities. For lower 6- values, 9 is best solved numerically. 

Substituting for 0 in (12). we get 

- .t-l M 

fl], = -y 9 (1—6) 


I / I\^-^ 

= .... (16) 


and the weight-fraction of f-mers is given by 


ini _ ^ f 

Np "" PW ~J) 


(17) 


the size distribution being completely determined by I, independent of 
N and p — ^this point has important consequences and is developed in the 
discussion. For i, the number-average chain length, we get 


r _ Hm ^ Np __ 


(18) 


which confirms our original definition of 1 . Now, / is a number average 
quantity obtained by any procedure which necessitates the counting of 
molecules, e.g, osmotic measurements. A weight-average quantity 

"^n i ^ ^ 

defined by is more often required. Substituting for f{B) in (13) 

gives ^ Hence i- ~ -i— ilA ~ ^(2/ — i) and the 

4 (I — 0)2 — 0)2 

weight average formula is .given by : 

Weight average M.W. = i^ji 

= {2I - I). . . (19) 

A similar result has been given by Montroll and Simha for high degrees 
of degradation {cf. their equation 15(6) when a(i p) ^ 1)^ 

From (17) we can determine the position of the maximum in ni . i 
for a given I by difierentiating log nii wdth respect to i. Then ni , i has 
a maximum w^hen i is the integer nearest to determined by 


~ — j-^ j=r ^ I for large 1 . 

log (i - i//) ^ 

The point we wish to make is that the position of this maxifiium changes 
discontinuously with. Z. 
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Discussion. 

We first compare the results from the general theory, in which pjl 
is the average number of fragments in a chain, 'with those from a “ single 
chain ” theory where each chain has the same number of splits at a given 
time. For the same pjl, a narrower distribution might be expected in the 
latter case as all the chains will be split into pjl fragments whereas in the 
general theory, some chains will not be degraded at all. 

If a single chain theory is developed on the same lines as in the previous 
section, -we can set up equations analogous to (i) to (7) but in which Np 
is replaced by p throughout and the ni refer to one chain instead of the 
assembly of N chains ; also the upper limit of i is (p — p jl 1) instead 
of A serious difficulty arises, however, as the integrals for C and Cn\ 
can only be evaluated by the method of steepest descents if pjl and p are 
large, ix. for high degrees of degradation. Under this restriction, the 
final weight distributions for the two treatments are not very different ; 
Jeilinek ^ in his general treatment indicated that for p — 10®, pjl > 6 , 
the difference for practical purposes is indistinguishable. For lower values 
of pjl the method is inapplicable and a single chain theory can only be 
developed for high degrees of degradation. The general theory is, how- 
ever, valid for all degrees of degradation as the necessary conditions 
Np, Npjl >> I always hold. 

The general theory can be extended further to cover polydisperse 
systems as the weight distributions given by (17) are a function of I only. 
For convenience we considered initially N chains each of p links but only 
the product Np occurs throughout and we therefore get the same result 
if p is the average initial chain length instead of the length of every chain, 
provided the degree of degradation is large enough to obscure the original 
distribution. We can reach the same conclusion if we consider the 
degradation of a giant chain of A^p links ; this is first split randomly 
to create a polydisperse system of N' chains of average length p ; these N 
chains are then highly degraded randomly. The final distribution is then 
seen to be independent of the position of the first {N — i) cuts, i,e. inde- 
pendent of the initial chain distribution. Montroll ® has arrived at a similar 
conclusion by more elaborate methods and for a slightly more restricted 
type of initial distributions — ^the argument above shows that the result 
is a general one. The restriction to high degrees of degradation is 
necessary to cover all types of initial distribution ; for a fractionated 
polymer where the degree of polydispersity is not too large, the fragment 
distribution when degraded wall approach that from an initially mono- 
disperse system for a much lower degree of degradation. If degradation 
can be shown to be random, the conclusions above suggest a method of 
producing experimentally a polymer with a known distribution function 
— ^this may be of some practical use in studying the effect of polydispersity 
on polymer properties. 

The above results are in general agreement with those developed 
recently in terms of a “ weak link hypothesis. The general theory 
corresponds to 'weak links distributed at random, each chain having on 
the average {p/l — r) weak links ; the restricted single chain theory 
corresponds to each chain having (pjl — i) -vveak links and cannot be 
applied for small values of (pjl — i). 

We also note here that, for an initially monodisperse system, the 
inhomogeneity function, U, defined by Schulz ^ comes out very simply 
in terms of I, as 

__ Wt. average M.W. nl — 1 1 

U == Tp — I = — 5 — — I ~ I — 

iSo. average M.W. I I 

i.e, almost constant over a large range of L 

® Montroll, J.A.CS., 1941, 63, 1215. 
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Non “Random Degradation. 

It lias so far been assumed that all bonds in a chain are equally likely 
to be split. Experiments on the thermal degradation of polystyrene at 
high temperatures indicate that monomer production is very much greater 
(by a factor ® of lo^ — lo^) than random splitting would suggest. Schulz ^ 
and Jellinek ® have discussed distribution and kinetic discrepancies in terms 
of “ weak link ” theories, but these do not account for preferential monomer 
formation. Splitting at the ends would seem to be a much more probable 
process than splitting elsewhere, contrary to our initial assumptions. 
Simha ® has considered the kinetics of degradation when it occurs only 
at the ends but the statistics of preferential, as distinct from exclusive, 
formation of monomer have not been treated previously. 

The reasonable assumption is first made that the " sensitivity of the 
end bonds is a property of all the fragments existing at any time and not 
an exclusive function of the original N chains — we are not concerned with 
the reason for such a sensitivity. With the same notation, a general 
theory is developed — its extension to polydisperse systems is as before 
and subject to the same restrictions. The essential problem is to find 
the right set of coj in the generating function defined by equation (4) ; the 
necessary clue comes from the Darwin-Fowler treatment of degenerate 
systems as opposed to non-degenerate ones. For random splitting and a 
given set of wi, the number of ways of splitting into pjl fragments is, from 
(3), Qa. If then, we wish to weight preferentially any modes of splitting 
which produce monomers, we can do this by replacing Qa by where 
oj is arbitrary numerical parameter greater than unity, (For random 
splitting io = i) ; «> may later be expressed in terms of rate constants 
but for the moment it is a purely artificial factor. Then the total number 
of complexions C is summed over all obeying (i) and (2) just 

as before. Such a device will weight favourably any and every mode of 
splitting by which monomers are produced and only those particular modes 
— complexions in which = 0 are not weighted. Monomer formation 
is thus weighted wherever it occurs which fits in with our assumption that 
all fragment ends at any time are '* sensitive.'’ 

The above is the key move and gives just what is wanted as C is the 
coefficient of in [/(.^)]-^i'/Hn which we put oDg = wg = . . . i, oji = w > i 
later. As before C is expressed as a contour integral and evaluated at 
the col .0 = S\ equation (12) gives ni directly in terms of B which we now 
ex^luate. 

= oiS q- 0 ® -j- 0'* -f- . ■ . 

= 0)0-1 (l — 

We assume as in the random case, that 0® '< i and examine later the 
validity of the approximation for large p (and large w). Then, from (9) 

+ . . . (20) 

This gives, on working through and rearranging, 

= -J (21) 

I — ^ I + {w — r)(i — 0) ' ' ‘ ^ j 

Schulz, Z. physik. Chem, jB, 1942, 52, 50, 

® Simha, /. Applied Physics, 1941, 12, 569. 



R. F. TUCKETT 


357 


from which, putting (ta — i) = m, we get for 9 


■~-g = + I + 4ml — 4w. . . . (22) 

For m == o(w = i), this becomes (i — 8)-^ = ^ = / as it should be. 

The conditions under which (21) and (22) are valid for m ^ i (a case 
of practical interest) need more rigorous definition than in the random 
case. If, on analogy with the random solution for 9, we put ^ == i ^ cjp 
for Npjl total fragments, then we can identify i — with i to better 
than I % if c > 6. Substituting for B in (22), we get finally 


X 

c 

+ 



- 0 ) • 

• ( 23 ) 

Table I gives h ^ pfl 






values for various m 



TABLE I 


which make c = 6*0 






[p = 10^) — ^these in- 
dicate the lowest p ft 

ta. 


m. 

6=2>/i. 

1. 

values for which 






/(^) = coir -j- 

I 

II 


0 

10 

6-0 

6-4 

167 

156 


lOI 


io2 

9-6 

104 

to < I %. For low'er 

lOOI 


I03 1 

1 

407 

24-6 


7 - values, B may be cal- ! ! 

culated from (12). 

The weight average chain length is calculated from the general formulae 
for 2^ii2 and Zn\i and comes out as 


14-^ + w{i ~ 5)3 

/[I 4- nt{i ~ B)](i - 5)2 

This reduces to the pre\’ious value of 2I — i when co = i. The number 
average value i comes out as I always, this quantity being independent 
of how the cuts are placed. Finally, we get for nt 


(cOi = OJ, OJq 

comes out 


?ti = 


Np o)iB^~’^[i — B) 


(25) 


I CO — (cu — 1)5 

wg . . . = i) and the ratio of monomers to non-monomers 


I^^on-monomers 

Monomers 


I 5 


(26) 


Kinetic Considerations. 

For random splitting, the discussion of Np jl in terms of time is fairly 
straightforward as current treatments assume quite reasonably that the 
rate of formation of breaks is proportional to the number of unbroken 
bonds present in the system. Hence, the Npjl — t relation can be ex- 
pressed in the unimolecular form 

~ (Np/i) = k,[N{p - 1 ) - mp/i - 1 )] 

= k,[Np - Np/l) (27) 

From the boundar^^ condition (7 = o, 6 — o, 7 = 00), this can be integrated 
completeh' to give 

- i = d 


I 


. (28) 



358 


THE DEGRADATION OF HIGH POLYMERS 


Hence, using (17), the size distribution function can be completely specified 
ill terms of and t as 


Np 


(29) 


For a single chain theory, the statistics of exclusive monomer formation 
can be worked out according to the methods given previously, using a 
suitable f(z) — here, the kinetics have been discussed by Simha ^ and are 
simple as the reasonable assumption is made that the rate of monomer 
production is proportional to the number of reactive fragment ends. How, 
for all i > 2, the “ reaction Mi Mi-i + M does not alter the number 
of reactive ends and is thus very nearly linear with time, as is the total 
number of fragments. 

The kinetics of non-random splitting have not yet been discussed — 
the distributions of the previous section are all in terms of a parameter, w. 
An approximate evaluation of ca in terms of kinetic constants will now be 
attempted. It is supposed that two degradation processes occur sim- 
ultaneously, these being : 

(1) The formation of fragments by random splitting. 

(2) Monomer production by splitting from sensitive fragment ends. 

In such a system, we aim at calculating the ratio of monomers to polymers. 
For random splitting % = Np/l^ from (16) and the number of polymers 

is Npjl — ni == ""t) * Simha’s assumption, then 

the rate of production of extra monomers by process (2), which we denote 

by is given by : 


“dT 



(30) 


This applies to all fragments for which i > i ; dimers can only degrade 
in one position, but a single scission produces two monomers instead of 
one, which restores the balance. Equation (30) also assumes that process 
(2) does not alter the total number of polymers significantly — ^the exact 
solution has been given by Simha ® but we retain the assumption so that 
relatively simple , results can be obtained. With this restriction, then, 
and if is the rate constant for process (i), we can substitute for I to give 


^ = hNj}{i - 


from which, by direct integration. 


nj* = Np-^{i -e-ht)K 

• (31) 

Hence, the total yield of monomer is : 


% + = Np(j. -j- ~ 

■ (32) 

The total number of fragments is given by : 


; 1 - % Z + 2kj) 1' 

• (33) 


V being the number-average molecular weight. From this, we get the 
ratio of monomers to polymers (= j3) as • 



I — 1 


(34) 
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Hence, equations {34), (33), (26) and (23) serve to dei&ne co in terms of ki^ 
kt and 1 . 

We note here that though V is the true number-average chain length, 
any actual measurement by osmotic methods using experimental, as 
distinct from ideal, semi-permeable membranes will probably give I rather 
than V. Hence we can estimate directly using (34). Also, a> is a 
function of I and nqt a constant independent of time. 


Summary. 

The random degradation of high polymers is treated as a problem in 
statistics which can be solved by the same technique as that for deter- 
mining the partition of energy amongst a set of harmonic oscillators. The 
Darwin-Fowler method is used in which the various quantities required 
are expressed as coefficients in related power series : these are then evalu- 
ated as contour integrals by the method of steepest descents. The size 
distribution functions for the degraded material are then derived directly, 
together with the various average molecular weights by the use of difier- 
entiai operators. On this formulation, the extension to systems which 
are initially polydisperse is immediate and the method is then applied to 
a specific case of non-random degradation in which preferential splitting 
at the ends of the chains occurs. The kinetics of this type of degradation, 
which is found experimentally, are also discussed. 

It was the late Sir Ralph Fowler who first encouraged me to persevere 
with this line of attack on the degradation problem and I should like to 
record here rny gratitude to him. My indebtedness to Dr. E. A. 
Guggenheim is also a heavy one as many stimulating criticisms and 
suggestions arose out of discussions with Ifim. Finally, my thanks are 
due to Professor E. K. Rideal for his steady encouragement throughout. 

Dept, of Colloid Science, 

The University, Cambridge. 
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PHENOLS IN RELATION TO DRUG-FASTNESS- 

By a. H. Fogg and R. M, Lodge. 

Received 2 Sth December, 1944. 

During the course of a general study of the' effects of sub-lethal con- 
centrations of various antibacterials on Bacterium lactis aerogenes, it has 
become apparent that, in one respect, the compounds studied fall into two 
well-defined classes. 

(i) In many cases, persistent cultivation of the micro-organism in the 
presence of a drug evokes a response which enables grovi;h to occur more 
or less normally at high drug concentrations which ^vould otherwise be 
lethal. The trained organism is then said to have acquired drug-fast 
characteristics, (ii) Phenols as a general class do not appear to evoke 
this response to anything approaching the same degree. It was thought 
that this implied some profound difference in the mode of action of phenols 
from that of those compounds towards which bacteria exhibit adaptability. 

The antibacterial activities of many phenols are knovm to be paralleled 
by the way in which these compounds distribute themselves between 

13* 
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protein and water. ^ Those phenols in which the ratio, [PHENOLjprotem/- 
[phenol] water, is high have the greater antibacterial activities. 

In considering any mechanism of drug action, it is necessary to take 
into account trvo factors which we may call (a) the physical process of 
approach of the drug to its site of action, and (&) the chemical process of 
action of the drug at the receptor site.^ Either of these factors may be 
of importance under given conditions, depending upon which of them is 
opera tir^e in determining the intensity of action of the drug. 

In what follows, the antibacterial actions of phenols in sub-lethal 
concentrations are compared. Also, an examination of the distribution 
of these phenols in the system olive oil — ^buffer, chosen to represent a model 
of the system bacterial substance — culture medium, is described. 

Methods for assessing Antibacterial Activity. 

The powers of phenols as lethal agents can readily be compared by 
determinations of their phenol coefficients." This is a well-established 
technique.® However, no method is laid do\^m for comparison of the anti- 
bacterial activities of phenols at concentrations low enough for the test 
organisms to survive with restricted metabolic activity. 

We therefore define a “ phenol inde:>^ as the ratio of that concentra- 
tion of phenol itself which produces a certain reduction in metabolic 
activity to that concentration of the substituted phenol needed to produce 
the same effect. 

Since there is more than one criterion for defining the reduction in 
metabolic activity of the bacteria, there can be more than one phenol 
index. Five criteria have been selected, leading to five phenol indexes ; — 

Criterion. 

Inhibition of cell division of controlled inocula . 

Reduction of growth rate to half its value in the absence 
of the phenol ....... 

Increase of " early lag " ^ to t-vvice its value in the 
absence of the phenol ..... 

Increase of "late lag " ^ to twice its value in the 
absence of the phenol ..... 

Increase of " minimum lag " ^ to 200 minutes 

111 Table I the phenol indexes of several substituted phenols are pre- 


Identifying 
No. of Index. 

I 

. II 

. Ill 

. IV 
, V 


TABLE I. 


(Test organism : Bact. lactis aevogenes.) 


Index No. 

Phenol. 

Resorcinol.s 

«i'CresoI.5 

w-nitro> 
phenol .6 

ni-chloro- 

phenol.® 

I . 


I 

0-55 

1*6 

8-5 

S*5 

II. 



0 ' 6 o 

1*4 

7*2 

9-0 

HI 



0-40 

i‘3 

5*3 

( 3-0 

IV 


I ] 

0’55 

1-6 

10*6 

6*8 

V 


I 

0*55 

i-i 

S *3 



Mean index . 


I 

0-5 

I '4 

> S-o 

7*6 

Coefficient ’ . 


I 

0*5 

2*3 

i 

7-6 


Meyer, Archiv. exp. Path. Pharm., 1901, 46, 33S ; Beichel, Biochem. 
Z.y 1909, 22, 149 ; Boeseken and Waterman, Pyoc. k, Akad. Wet. (Amat.), 1912, 
14, 620. 

® Ferguson, Proc. Poy. Soc. B, 1939, 127, 387. • 

® E.g., British Standard Technique, No. 534 (1934). 

* u. Lodge and Hinshelwood, J . Chem. Soc., 1943, 213, for details of lag. 
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sented, together with the generally accepted values for the phenol co- 
efficients. The values of the indexes for resorcinol and ?f^cresol were 
derived from the data of Spray and Lodge ; ^ the remaining indexes 
were determined « by methods similar to those employed before ; ^ the 
phenol coefficients are those given by Suter.’ 

Firstly, it is apparent that there is relatively little difference between 
the values of the indexes for a given phenol. This implies that all the 
functions of the bacteria corresponding to the criteria listed above are 
depressed to about the same extent by a given phenol concentration. 
Accordingly, it suggests that phenols have a quite general depressant 
action on the metabolic activities of the cells. 

Secondly, Table I shows that the mean value of the individual indexes 
is not far removed from the corresponding coefficient. 

Distribution of Phenols between Olive Oil and Buffer Solution • 

Distribution of the phenols mentioned above between olive oil and 
aqueous buSer was investigated as follows : A known volume of a phenol 
solution was added to a known volume of buffer solution, and the whole 
then shaken with a kno^\m volume of olive oil. After standing in the 
thermostat overnight, some of the aqueous layer was carefully removed 
vith a pipette and analysed colorimetrically ® by comparison wdth the 
original phenol-buffer solution. The ratio of the concentration, of 
the phenol in the olive oil to the concentration, of the phenol in the 
aqueous layer {i,e. the distribution coefficient, ^ = ^1/^2) could then be 
calculated. This method had the advantage that it made a knowledge 
of the exact initial concentration of the phenol unnecessary. Each phenol 
was studied in at least two concentrations, and duplicates were set up for 
each determination. It was found that the values of p so obtained were 
constant for any given phenol, within the limits of experimental error, 
over the concentration range studied (50 to 200 parts per million in the 
buffer solution). 

In order to reproduce conditions in the cultures as closely as possible, 
the distribution experiments were carried out at 40 C., the phosphate 
buffer solution held the system at the initial pB. of the culture media (7*12), 
and the phenol concentrations in the aqueous layer were within the range 
encountered in the bacteriological work. 

Table 11 a records the mean values of derived from not less than four 
determinations carried out in this way. 

Mode of Action of Phenols. 

Figures for the mean index, (c), together with values for the relative 
distribution coefficients (jS/9), (&), are also given in Table II. From the 
marked parallelism, we may conclude that the various concentrations 
of the different phenols in the culture medium which lead to approximately 
the same concentration of the phenol inside the bacterial cell, lead also to 
a fixed intensity of antibacterial action. This strongly suggests that, 
once a phenol has arrived at its site of action inside the bacterium, its 
intensity of action, and, therefore, its mode of action, is similar to that 
of other phenols. 

Bancroft and Richter, « using an ultra-violet microscope, have shown 
how the precipitation of proteins by phenol itself and by other compounds, 
can occur in two distinct stages, of which the first is reversible. They 

s Trans. Fayaday Soc., 1943, 39, 424, ® Fogg. impuUished results, 

’ Chem, Rev., 1941, 28, 269. 

® Snell and Snell, Colorimetric Methods of Analysis, Vol. II (Organic and Bi- 
ological), 1937, p. 357. 

^ /. Physic. Chem., 1931, 35, 215 and 51 x. 
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TABLE H. 

{Test organism : Bact, lactis aerogenes.) 



phenol. 

I 

Resor- 
cinol . 

i «j-cresol, ' 

m-nitro- 

plienol. 

j w-chloro- 
1 phenol. 

w -hydroxy 
benzoic acid. 

{a) ^ . . ! 

i 9*0 

2-9 

12*1 

18--4O * 

i 54 

■ 

0-5 

(6) ?:9 ■ ■ ! 

(r) Mean index i 

i 1*0 

0*3 

i '3 

2-4-4* 

6 

o*o6 

(from Table I) | 

i 1*0 

0*5 

1-4 

8*0 

! 7*6 



find that at higher concentrations precipitation is irreversible and the 
cell dies. At sub-lethal concentrations precipitation is reversible and, 
when the visible signs of denatured protein have disappeared, normal 
metabolism is restored. Korthrup has also demonstrated the im- 
portance of denaturation in the deactivation of enzymes. Moreover, 
Cooper and her co-workers, in a long series of papers from 1912 onwards, J 
have shown that the antibacterial activity of a phenol is paralleled by 
its power of precipitating protein, which in turn varies with its protein- 
water distribution ratio. It is probably legitimate to state that the 
protein precipitating power depends upon the concentration of phenol 
in the protein phase and is paralleled by the protein-water distribution 
ratio. This suggests a hypothesis about the mode of action of phenols. 

We suggest that the way in which phenols affect bacterial metabolism 
is possibly by the precipitation of proteins. This common effect would 
be consistent with the result that a given phenol concentration inside the 
cell leads to a given intensity of antibacterial action irrespective of the 
nature of the phenol. This hypothesis of a general rather than a specific 
action is useful in explaining certain other facts about phenols. 

It is now generally accepted that intracellular enzymes involve a pro- 
tein foundation with prosthetic groups attached.^! -If, through the 
action of a phenol, the protein foundation is in part precipitated, then 
the extent — and hence the activity — of each of those enzyme systems in 
the cell which depend upon protein for their foundation will be cut down 
to a similar extent as all the others. As a result, the rates of synthesis 
of the various enzymes will be reduced by the phenol in the same pro- 
portion as metabolism is slowed all through the reaction series. E.g,— 


ACTION OF A PHENOL. 


Synthesis of ENZYME 


Intermediate 


Production of SUBSTRATE 

- - - 

■^PRODUCTS 



etc. 






* Unreliable ; w-nitrophenol could not. be estimated colorimetrically by 
coupling with diazotised sulphanilic acid/ and reliance had to be placed on a 
difficult comparison of the yellow coloration developed on addition of alkali. 

•j" w-hydroxybeuzoic acid was found to have negligible antibacterial activity, 
even in saturated solution.® 

1®/. Gen. Physiol, 1931, 14, 713 ; 1932, 16, 323. 
xTcr J ^specially Cooper, Biochem J., 1912, 6, 362; 1913, 7, 175. Cooperand 
woodhouse, zhid., 1923, 17, 600. 

iiQuastel and Wooldridge, Biochem. 1927, 2£, 14S and 1224. 

Retardation at these points, leading only to a reduced output of products. 
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Evidence for this hypothesis lies in the fact that the (lethal) coefficients, 
as determined by the Rideal-Walker or the Chick-Martin techniques, 
are in agreement with the various (sub-lethal) indexes determined by the 
methods given above, whether the latter are calculated on the basis of 
lag, growth rate or inhibitory concentration {v. Table I). Unless there 
is a general depressant effect over most cellular functions, it is difficult 
to imagine how all these separate indexes can be affected by a phenol 
to the same extent. 

There are, then, strong indications that the anti-bacterial action of 
a given phenol is common to all phenols, and that these compounds may 
act by effecting a precipitation of bacterial protein which, in turn, causes 
a somewhat general reduction in the rate at which enzyme reactions in 
the cell can occur. 

We know, however, that some phenols have selective action as well 
as their more general powers. Thus, it has already been reported that a 
specific concentration of m-cresol is able to retard the processes of cell 
division more than those of cell growth, the resultant phenomenon being 
the production of long filamentous organisms.^ 


Drug -fastness. 

Adaptation of bacteria to antibacterial agents is a well recognised 
phenomenon. For example, continued cultivation 0 an organism in 
the presence of a sulphonamide,^^ methylene blue, proflavine A® silver 
nitrate, formaldehyde, merciirochrome or acriflavine results in a culture 
which is more or less immune to the action of the drug. 

In sharp contradistinction to this behaviour, it appears that in the 
case of phenol itself and of several substituted phenols, little or no adapta- 
tion or drug-fastness is in fact apparent. Thus, it was found ® that after 
17 subcultures in media containing w-nitrophenol or m-chlorophenol 
neither the lag characteristics nor the growdh rate showed any alteration 
on transfer back to the drug-free medium. A similar result was obtained 
by Spray and Lodge ^ with resorcinol and ??^-cresol, and by Davies, 
Hifishelwood and Piy^'ce with phenol itself. In the few cases where 
adaptation to phenols has been reported, it has always been on a very 
minor scale, and often seems to fall within the limits of experimental 
error. Thus, Masson states that adaptation (to resorcinol and to 
salicylic acid) appears to be only temporary and transient even in the 
presence of the drug. Meader and Feirer find that bacteria show only 
very slight response to phenol itself and to hexyl resorcinol. 

Below’ is discussed a possible explanation of how’ the differing t;vq)es of 
behaviour of bacteria tow-ards the two classes of compounds may arise. 


Theory of Drug -fastness.’^ 

Since the metabolism of a bacterium must be regarded as the result of 
one or more series of chemical syntheses and degradations, some or all of 
wffiich are made possible through the intervention of enzymes, it is 
necessary to assume that the reactions comprising the series are linked 
in some way, in order to account for the apparent " organisation of the 
cellular mechanism. The simplest and most obvious method for such 
linking is through the formation of a product wffiich is utilised by the next 
enzyme system in the series, and so on. When the series is balanced in 

Davies and Hinshelwood, Trans, Faraday Soc., 1943, 39, 431. 

Davies, Hinshelwood and Pr\’-ce, ibid., 1944, 40, 397. 

Meader and Feirer, J. Inf. Dis., 1926, 39, 237. 

C, r. Acad. Sci,, 1910, 150, 189. 

* This problem is considered in detail by Davies, Hinshelwood and Pn^ce.i® 



ANTIBACTERIAL ACTION OF PHENOLS 


364 

a state of dynamic equilibrium, all reactions subsequent to the slowest 
will be proceeding at a steady rate determined by the speed of the rate 
controlling stage. 

The action of those drugs towards which bacteria exhibit adaptation 
may, perhaps, be visualised as follows. A particular enzyme reaction in 
the series is partially inhibited by the drug. The actual inhibition may 
be brought about in a number of different waysri® vu., by reaction with 
some active prosthetic grouping in the enzyme molecule (cf. the anti- 
bacterial action of mercury, due to the blocking of sulphydryl groups) ; 
by reaction with the substrate for the enzyme process in question ; or by 
inhibition of ancillary reactions responsible for enzyme synthesis. 

If the inhibition is caused by direct interference with the enzyme 
itself, with the result that the enzyme is less efficient than before, the output 
of intermediate metabolites will be slowed, and in consequence the division 
rate will be reduced. 

When a bacterium divides, all its enzyme systems must be duplicated 
for the two resultant daughter cells. When the division rate is cut down 
as above, the amounts of the enzymes needed to meet the duplication 
are reduced in the same proportion. Enzyme is impaired by the 

drug ; enzyme synthesis — ^perhaps by a completely different set of reactions 
— ^proceeds normally. 

ACTION OF A SPECIFIC DRUG. 

Synthesis of ENZYME \ 


Production of SUBSTRATE- •' 

# 

This means that when the growth rate, and hence the demand for 
enzymes, is reduced, an accumulation of enzymes results. The time 
needed to build up the partially inhibited enzyme to a concentration 
corresponding in its effect to the original (lesser) concentration of un- 
inhibited enzyme is recognised as the time necessary for adaptation to 
occur. 

Clearly, this type of training will be easily reversible, for the enhanced 
concentration of enzyme will revert to normal in the course of a few 
divisions wffien inhibition is discontinued. 

The general precipitating action of phenols on many enzymes cannot 
give rise to the usual phenomena associated with adaptation, for the 
enzymes do not have the opportunity of expanding to compensate for 
their reduced efficiency ; all enzyme reactions, including those synthesising 
a particular enzyme, are slowed. We do not expect that all enzyme 
systems are influenced to exactly the same extent by a given phenol. 
It is, however, likely, as we have shown above, that all enzymes are 
affected to a similar extent, and therefore, that drug-fast character towards 
phenols, if apparent, would be both slow to develop and weak. 

Summary, 

The ways in which phenols may be expected to distribute themselves 
between bacteria and liquid culture media have been assessed by means 
of a study of the distribution of these compouzids between olive oil and 
aqueous buffer. Those phenols which have a high distribution coefficient 
(^) are found to have a correspondingly large depressant effect on several 
different stages of bacterial metabolism. It is concluded that the anti- 

E.g., Mcllwain, Nature, 1944, 153, 300. 

Tildes, Brit. J. Exp. Bath., 1940, 31, 67. 

* Retardation at this point, leading to accumulation of both enzyme (with 
reduced efficiency) and substrate, as well as to a reduced output of products. 


Intermediate 

■^PRODUCTS' 
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bacterial activity of the phenols studied is due mainly to their distribu- 
tion relationships and to their ability to precipitate protein, and that 
their structure, apart from its effect on is relatively unimportant. 

The apparent' inability of bacteria to adapt themselves to grow 
normally in the presence of phenols is accounted for on This basis. 

Physical Chemistry Laboratory, 

Oxford University. 


THE LAWS OF EXPANDING CIRCLES AND 
SPHERES IN RELATION TO THE LATERAL 
GROWTH OF SURFACE FILMS AND THE 
GRAIN-SIZE OF METALS. 

By U. R. Evans. 

Received Wi January, 1945. 

Physical chemists and metallurgists are continually faced with problems 
connected with the properties of expanding circles and spheres. Such 
problems are met with in considering the covering of a metallic surface 
by films or layers of corrosion product, fhe formation of which starts at 
nuclei and spreads outwards ; they are met with in calculations of the 
mean grain-size of cast metal, or of the grain-area of films which have 
solidified from the molten condition (e.g. during tinning or galvanizing). 
Methods of solution are in some cases already avialable, but the procedure 
described in this paper, based on the Additivity of Expectation, may be 
welcome on account of its simplicity. It is difficult to believe that the 
method has not been published before ; but, if it is not new, the papers 
describing it are unknown to the author and to those whom he has con- 
sulted on the matter, so that a discussion of the method and the results 
obtained by it is felt to be justifiable. 

It is proposed to consider eleven simple cases, of which the first, 
although of no direct interest to the physical chemist or metallurgist, will 
help the development of the others. Possibly most of the cases con- 
sidered represent an over-simplification of what occurs in practice, but 
this is true of almost all problems amenable to mathematical treatment. 

I. The Expanding Circles Produced when Raindrops Fall into a 
Puddle. — If raindrops fall sporadically on the surface of water, the chance 
that the number of circles which pass (within a certain time t from the 
start of the rain, which is supposed to begin suddenly, and to continue at 
uniform rate) over a representative point, P, is exactly n, can be expressed 
by Poisson's formula where E is the " expected number," the 

value obtained by averaging an infinite number of counts. This is only 
true if the distribution of drops is truly random (it would be incorrect near 
trees or dripping roofs), but the formula is then an exact one. It is true 
that Poisson ^ in the classical derivation of his distribution from the 
Binomial Law regarded it as only approximately correct, but Fry 2 has 
obtained it from first principles without introducing any approximation. 

To obtain E, it is convenient to compute the elementary contribution, 
dE, due to an annulus of breadth dr situated around P at radial distance r, 
and then to integrate for all values of r from zero to vt, where v is the 
radial velocity of groAvth from the " nuclei " (the points where the rain- 
drops fall), which is provisionally assumed to be uniform in time and 

^ Poisson, Recherches sur la ProbabiliU des Jugenients en maiiere criminelle 
et en matieve civile (Paris : Bachelier), 1837, p. 206. 

2 Fry, Prohability and its Engineering Uses, 1928, pp. 220-227 (MacmiHan). 
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direction ; clearly nuclei developing at distances exceeding vt cannot 
reach P within time t. Integration is permissible, because expectation is 
additive (often pvohahility is not) . 

The annulus in question possesses the area 'ZttY , dr, and during a period 
equal to (f — r/v), any point within the annulus will be capable of sending 
out circles which will reach P before time t. Thus 
. dE == Q{t — r/v) . Zrrvdr 

where Q is the two-dimensional mtcleation rate, best defined by stating 
that the number of nuclei formed in time-element dt and area-element 
M is Consequently 

E = 27 tQ\ {tv - v^lv)dY = . . (I) 

The chance that the point P shall escape being crossed by any of th® 
expanding circles which started after i = o will clearly be 

p^ = e--® = , . • (2) 

since both and Lo are unity. 

II. The Covering of a Surface by Films Spreading out as Expanding 
Circles from Nuclei which Appear Sporadically in Time and Position 
on the still Uncovered Portion. — The formation of superficial rust on 
iron exposed to the atmosphere usually starts at a limited number of 
points and spreads outwards. Often the nuclei represent places of settle- 
ment of corrosive dust particles — ^the importance of which has been 
demonstrated by Vernon ® — ^but some authorities consider that they may 
sometimes represent sulphide inclusions in the metal. The distinction 
is important, since fresh dust particles may continue to settle on the 
unrusted portion during the period of exposure, whereas the sulphide 
particles will not increase in number with time. On steel, as shown by 
Vernon's photographs,^ the rust usually spreads out in moss-like patterns, 
but Patterson ® states that pure iron diEers from steel in producing con- 
centric rust growths. The spreading of films as expanding circles is also 
discussed by Canac ® as a factor in the dulling of metals, whilst Sharman 7 
describes how corrosion starting from scratch-lines on lacquered iron at 
first develops as expanding semi-circles, although later thread-like growth 
sets in. In the present section, which is Concerned with the idealized 
case of expansion as perfect circles, it is sought to establish a relation 
between the area remaining uncovered (oc), and the time t. 

Clearly a is equal to the probability that a representative point 
shall remain uncovered. The question arises whether p^ is accurately 
given by equation (2). At first sight, this equation would appear in- 
applicable, since events are not mutually independent. Within any 
eij^anding circle, the formation of new nuclei is ruled out, which, in general, 
will invalidate the use of Poisson's formula to calculate the chance that 
n circles will cross over a given point within the time in question ; indeed 
the situation is such that the idea of several circles passing over the 
representative point becomes meaningless. Nevertheless, the Poisson 
formula is still valid for the special case of = o. For any nucleation 
which is permitted in the ** raindrop case " but is ruled out in the film- 
spreading case " is such as to give rise to circles which could only reach 
the representative point after the circle within which the " disqualified " 
nucleus is situated. Thus the chance that the representative point shall 
remain uncovered by the film is exactly the same as the chance that it 
shall remain uncrossed by a circle from a raindrop, namely e~-^, where 

^ Vernon, Trans, Faraday Soc,, 1927, 23, 159 ; 1935, 31, 1686. 

^ Vemon, ihid., 1924, 19, 887. 

® Patterson, J. Soc. Chem, Ind,, 1930, 49, 203T, 

® Canac, Comptes rend., 1933, 196, 51. 

’ Sharman, Nature, 1944, 153, 621. 
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E must be calculated in precisely the same way in the film-spreading case 
as in the raindrop case. 

Thus the film-free area is 

a = e*--^ = . . , • (3) 

Expansion shows that at very small values of t, the equation ap- 
proximates to 

a = I — 


This ^special relation can be obtained by simple algebra — ^thus providing 
a check on the accuracy of the reasoning based on Expectation. For, 
when the circles are so small as to occupy a negligible fraction of the 
whole area, the number formed per unit area between times t and r -f- dr 
(where r <t) will be fSdr, and, since each of these will have grown by 

time t to area — t)®, the total area covered will be ttQv^ | {t — rj^dr ; 

hence a = i — The curves are clearly S-shaped, the gradient 

(— da/d^) becoming steeper with time at small values of t, and less steep 
again as a asymptotically approaches zero. 

In the examples considered, a formula normally applicable only to 
conditions of mutual independence of events has been (legitimately) 
used in cases where events are not independent. The circumstance which ‘ 
justifies this procedure is simply that the particular nucleation points 
disqualified by the restrictions imposed are exactly those which would 
in any case be ineffective. It should not be assumed that the same 
liberties can be taken in all types of departure from mutual independence. 
If, owing to mutual attraction between the nuclei, they tend to form 
clusters, or if, owing to mutual repulsion, they tend to form a pattern, it 
will no longer be permissible to use the formula, even in the case of = o. 

Ill, The Covering of a Surface by Films spreading out as Expanding 
Circles from Predetermined Nuclei, Distributed Sporadically in Position. 
—If the nuclei responsible for the expanding circles consist, not of dust 
particles failing on the surface during the development, but of sulphide 
inclusions (or even of dust particles present at i = o which receive no 
subsequent additions), the relation between a and t is different. Here 
the number of circles is indicated by a nucleation-density, o), best defined 
by stating that the number of nuclei present on area d^ is cad A ; the 
conception of time does not arise, since all nuclei function from the com- 
mencement of exposure and no new ones subsequently come into operation. 
The contribution (dE) of an annulus of radius r and breadth dr is clearly 
27 rrdr . w, so that 

J vi 

Yd.Y = 

0 

and a = e”-® = q-ttcovH^ , . . . • {4) 


— a relation obtained by Canac, ® using a different method. Here again 
the curves are S-shaped, and the opening stage can be approximately 
represented by 

a = 1 — 


— an equation which can also be obtained by simple algebra, without 
using the conception of Expectation. 

It will be noticed that the expression for a in Cases II and III takes 
the form and e-**® respectively. The different power of i is con- 

nected with the fact that the dimensions of Q and w are not the same, 
being and L~^ respectively, and the power of t introduced must 

be such as to render the index non-dimensional. 

IV. Cases where the Growth Pottern is not a Circle. — If the rate of 
expansion from each nucleus varies with direction, it is necessary to regard 
E as the sum of a number of elements, each corresponding to some element 
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of angular direction and carrying its own value of in the formula. If, 
therefore, in equations (3) or (4), v is held to represent the R.M.S. of the 
velocity of outgrovi:h assessed over all directions, the equations remain 
valid, provided that no other complication is introduced. 

Such a complication enters, however, if the expanding growths tend to 
avoid one another, which may happen if some substance necessary to growth 
becomes exhausted as a result of the growth ; this often leads to dendritic, 
mossy or thread-like forms. For instance, the author,® studying the 
two-dimensional lead tree produced where one edge of a strip of zinc 
was pressed on to filter paper soaked in lead acetate solution, found that 
the reason why the fronds grew at their tips but not at their sides was 
that the area between the fronds soon became denuded of lead ions ; 
the only manner in which the replacement of lead by zinc could proceed 
was for the lead tree to go out to seek its own nourishment. At this 
stage, lead passes into the metallic state at the tip of the fronds, zinc 
passes out of the metallic state at the base of the fronds, the cycle being 
presumably completed by passage of electrons outwards along the fronds 
themselves. An electrochemical process of this sort will draw ions in from 
a distance to the places of highest current density,* and thus tends to 
make a frond maintain roughly its direction of growth, until it approaches 
an impoverished area, in which case it will be deflected so as to avoid 
such an area. 

It seems possible that the moss-like rust growths seen in the photo- 
graphs of Vernon and Patterson may be due to the same cause. Certainly, 
Sharman's thread-like corrosion patterns on lacquered steel show evidence 
of mutual repulsion, since, when the head of one thread chances to ap- 
proach the body of another, it is deflected therefrom ; this is easily 
understood, if it is supposed that the electrolyte needed for corrosion 
becomes impoverished on the flanks of each thread. Hoar ® has reported 
cases where a certain corrosion filament on lacquered steel, in its endeavour 
to avoid the impoverished zone situated along the earlier part of its own 
track, has developed a spiral course, and finally, becoming entrapped at 
the centre, has ceased to grow at all. 

If we consider the hypothetical case in which the threads have been 
efiectively prevented from running into one another by the exhaustion 
factor, it is clear that, if the breadth of the threads and the velocity of 
their forward growth is constant, — da/d# will at first be practically 
constant. Sooner or later, however, a thread is bound to become 
cornered " between the windings of other earlier threads and will then 
be unable to extend further. Presumably the chance of a given thread 
being able to continue to advance will at any moment be proportional to 
the effective area still uncovered, and since the rate of increase of the 
covered part of the surface is proportional to the number of threads still 
advancing, we get 

— da/d# = kcL or a — . . ■ (5) 

® Evans, Chem. Ind., 1925, 812 ; cf. King and Stuart, J. Chem. Soc., 1928, 642. 

* In cases where ions are not used up in the electrodic reactions, this net 
movement of electrolyte into the zones where the corrosion currents are con- 
centrated may actually cause an increase of concentration at these points. Such 
an effect is frequently met with in cases of intense corrosion ; thus in pits in 
steel pipes, and at points of localized corrosion on lead cable sheaths due to 
stray currents, the concentration of electrolyte is locally far higher than in the 
main body of the water. It is perhaps unfortunate that the cases considered 
mathematically in most electrochemical textbooks are those in which there is 
a drop (not a rise) of concentration, owing to the elimination of ions in electro- 
chemical reactions ; in the electrolysis of nickel chloride between platinum 
electrodes, nickel ions will be removed as metallic nickel and chlorine ions as 
chlorine gas, so that the concentration diminishes at both poles. 

® Ti P. Hoar, Unpublished observation. 
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Possibly, in the case where the surface carries a certain amount of electro- 
lyte at the outset, but receives no further amounts during the period of 
exposure, a marginal strip on each side of the threads may become de- 
nuded of electrolyte, and thus rendered permanently unavailable for the 
passage of other threads. If the fraction of the area which thus becomes 
incapable of being covered is aoo, the equation should in this case become 
otf — aoo = e-**. In ordinary conditions, it is likely that electrolyte 
will reach the surface during the outgrowth of rust, and in such cases the 
•original equation (5) remains valid. 

The expression a = e-*=* was suggested by Vernon in 1933 to repre- 
sent the lateral spreading of rust ; he assumed that it is moisture rather 
than electrolyte which becomes exhausted, but the basic notion is the 
•same. The same type of equation also governs the case where the covering 
of a surface is uninfluenced by nuclear action, so that a point situated 
far from an existing film-covered area enjoys the same probability of 
becoming covered as a point adjacent to a film-covered area ; for then, 
the rate of covering will be simply proportional to the uncovered fraction, 
so that — da/d^ = or a = e-*^ 

V. Growth of a New Phase spreading as Expanding Spheres start- 
ing from Nuclei which appear sporadically in Time and Position in 
the still Unchanged Portion. — It is possible to apply the method de- 
veloped for two-dimensional problems to three-dimensional problems, 
for instance the extension of a new phase from nuclei, and to calculate 
the connection between the unchanged fraction of the volume the 
linear velocity of outgrowth (u) and the three-dimensional nucleation 
number {Q'), which is best defined by stating that the chance of a nucleus 
appearing in volume hV and time d^ is Q'hVdt. 

The fraction of the volume which remains unchanged at time t is equal 
to the probability that a representative point will have escaped being 
crossed by any of the expanding spheres. This is equal to e^-®, where 
E is the expected number of spheres passing any point. 

The element of expectation due to a spherical shell of radius r and 
tliickness Ar is 

dE = 47rr^dy . Q'[t — rfy), 

J vt 

[rH — r^lv)^r 
= ttQ'v^ A/3. 

We can write, therefore, for the fraction of the volume still unchanged 

a' = (6) 

This expression has been obtained, evidently by another method, by 
Johnson and Mehl,^^ but the derivation was relegated to an Appendix 
which was not printed with their paper, presumably because the proof 
was too lengthy. It will be noted that the fourth power of t and the third 
power of V here appear in the index ; since the dimensions of Q' are 
the non-dimensional character of the index is still preserved. 

VI. Growth of a New Phase in a Mass spreading as Expanding 
Spheres starting from Predetermined Nuclei sporadically distributed 
in Space. — If the nucleus-density is best defined by stating that the 
chance of a nucleus occurring in volume dF is w'dV, then 

dE = j\.’iTr^Ci)'d.r 

E — attco' 1 y^dr = 

Jo 3 

so that 

a = 6“-^ = ^ ^ ^ • ( 7 ) 

Vernon, Trans, Electrochem, Soc., 1933, 44, 36. 

Johnson and Mehl, Amer. Inst. Min, Met, Eng, Tech. Pub. 10S9 (1939), 
p. 5. Copies of the Appendix are obtainable from the American Documentation 
Institute, 2101 Constitution Avenue, Washington, D.C. 
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VII, Mean Grain-Area (Spangle- Area) obtained in the Solidification 
of a Thin Liquid Layer from Nuclei formed sporadically in Time and 
Position in the still Liquid Portion.—When a thin layer of molten matter 
solidifies, the area of the grains or spangles should in general be largest 
where the film is thinnest, since, in the absence of complicating factors, 
the two-dimensional nncleation number (13) or nucleus-density (w) is 
connected with the three-dimensional analogues (Q' or «') by the equations 

Q = 

0 ) = (o'y 

where y is the thickness. If the presence of interfaces directly affects 
nucleus-formation, the relation may be more complicated.* 

The grain-area should be calculable from the two-dimensional nude- 
ation number, provided that the solidification rate is controlled by the- 
true crystallization velocity and not by the rate of heat-removal. If 
predetermined nuclei are absent, the total number of grains per unit 

(*00 

area formed throughout the solidification process will be | al3djf, which 

Jo 

fco 

by (3) is equal to .Q dt. Writing x for and a for the- 

integral becomes 


Q 

3 


foo 

I dx 

Jo 


Q r(i/3 ) 

3 ' aVs 


The mean grain-area (G) is then the reciprocal 


so that 


gLS I _ ^rrV^Q-y s 

Q * 0-893 ~~ 0*893 


G = 


i*i37 



( 8 ) 


This expression has the required dimensions, L^. 

VIII. Mean Grain-Area (Spangle-Area) obtained on Solidification 
of a Liquid Layer, starting from predetermined Nuclei. — The grain- 
area of coats obtained by dipping steel into molten metal is said to vary 
with the steel basis, which suggests that particles in the steel constitute 
predetermined nuclei. If predetermined nuclei alone operate, the mean 
number of grains per unit area is equal to the mean number of nuclei 
per unit area (<0), so that 

G - i/^ (9) 

IX. Mean Grain-Size obtained by a Phase-Change in a Solid Mass,, 
spreading as Expanding Spheres which start from Nuclei appearing 
sporadically in Time and Position in the still Unchanged Portion, — 
Assuming that the phase-change is controlled by the true velocity of the 
crystallographic transformation, and not by the rate of heat-removal, 
the grain-size is related to v and Q' as follows : — 

The number of nuclei produced in unit volume between the times 
i and ^ -f di: is a.' Q'di. Hence the total number of nuclei per unit volume 

formed during the complete transformation is Q' f a'd^, which by (6) is 

Jo 


If a is written for and x for the integral becomes 

13' r(i/4) _ 

4 


— \ X- U Q-<^^dx — — 
4 0 4- 


* J. R. Agar [Priv. Comm., Nov. 25, 1944) suggests the equations 13 = Q'y-^Q^,. 
and w ^ (a'y -{- where 13, and Wg are the nncleation numbers for the interfaces. 
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Clearly the mean grain-size {&') is given by the reciprocal 
4 a'-li V 
' Q '' r { i / 4 )~~ 0-906 

sothat G'= 1-117^^) . . . . (ro) 


This expression has the required dimensions, L^. 

In practice, the true state of aHairs may be more complicated, since, 
as pointed out by Orowan,^^ v is abnormally low in the opening stages of 
growth, probably owing to the extremely high “ vapour pressure '' of 
very small crystals. 

X. Mean Grain-Size obtained by a Phase-Change in a Solid Mass, 
spreading as Expanding Spheres from predetermined Nuclei dis- 
tributed sporadically in Position.— The fine grain structure produced 
by adding iron to brass is often thought to be due to crystallization from 
existing nuclei of solid iron or some compound containing it. If only 
predetermined nuclei are operative, the mean number of grains per unit 
volume is equal to the mean number of nuclei per unit volume (o)'), so that 

(ii) 


XI, Mean Grain- Size obtained in a Solid Mass where the Rate of 
Solidification is controlled by the Rate of Heat-Removal. — In solidifi- 
■cation from the liquid state, the situation is complicated by the fact that 
the nucleation-rate first increases and then decreases as the temperature 
sinks below the freezing-point. If the rate of heat-abstraction is only 
just sufficient to remove the latent heat evolved, the process may become 
isothermal, and Q' may be considered constant, but the rate of solidification 
is now fixed by the rate of heat -removal. Often this varies in different 
parts of the mass and may not be constant in time, but, if we imagine a 
small volume where the rate of heat-removal can be regarded as constant 
through the solidification period, we can write 

da'/diJ = K 


where K represents 


rate of heat-removal 
density x latent heat* 


Thus 


oc' = K{to — 

where is the time needed for total solidification. 

The number of grains per unit volume formed in time d^ is cc'Q'dt. 
Hence the total number per unit volume formed throughout the solidifi- 
cation process is 

- t)dt = iQ'KtoK 
JQ 


Since a' = i when ^ = o, it follows that i /ii» so that a' can be 
written i — t/to. Since Kto^ .=:^ i/K, the number of grains per unit volume 
is Q' l2.Ky and consequently 


2 K _ 2 
Q' Q'Iq ’ 


(12) 


If the temperature sinks during the solidification process, another 
-equation must be introduced to express the variation of Q' with t. But 
whether the temperature is constant or not, the grain-size should vary 
with the rate of heat-abstraction, and may thus vary in difierent parts 
of a casting. Where such a variation is not met with, it follows that 
either there are predetermined nuclei, or the process is not controlled by 
heat-removal. Orowan points out that grain-size does not vary greatly 

E. Orowan, Pm. Comm., Dec. 31, 1944. 

Johnson and Rednall, Met. Ind. {London), 1921, 18, 125. 
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in difereiit parts of the granular (as opposed to the acicular) zone of ingots^ 
although the rate of heat-removal must vary. This may indicate crystal- 
lization from predetermined nuclei. Again, although crystallization of 
metal from the molten state is often controlled by the rate of removal of 
latent heat, recrystallization from a distorted solid (where probably the 
heat-evolution is much smaller) is thought to be dependent only on the 
degree of deformation and temperature, and not on the rate of removal 
of heat. 

Conclusions. 


It is clear that much information on the mechanism of changes could 
be obtained by an accurate knowledge of the manner in which the un- 
changed fraction of a surface (a) or the unchanged fraction of the volume 
[a/] in any two-dimensional or three-dimensional change vaiies with time 
(i{) ; thus a will be given by or according as a two-dimen- 
sional change depends on predetermined nuclei, or nuclei which keep ap- 
pearing throughout the process in the continually shrinking unchanged 
area. Similar information should 'be obtainable from measurements of 
the mean grain-area or grain-volume obtained when the change becomes 
complete, and here it should be possible also to distinguish the cases where 
the process is controlled by chemical or crystallographic processes from 
those where it is controlled by the rate of removal of latent heat. 

Despite much patient and careful experimental work, there is little 
data suitable for deciding between the various equations and hence between 
the corresponding mechanisms. It is hoped that the present discussion 
— despite its non-experimental character — ^may serve to direct attention 
to matters worthy of experimental investigation. 

It may be convenient to tabulate the various expressions for the 
unchanged area (oc), the unchanged volume (a'), the mean grain-area (G) 
and the mean grain-volume (G') in terms of the nucleation rate {Q ox 
for two or three dimensions), the nucleation density (ct) or w'}, the linear 
velocity growth (y) and the time (^), 


Spreading Circles from continually 
appearing Nuclei .... 

Spreading Circles from predetermined 
Nuclei ...... 

Spreading Spheres from continually 
appearing Nuclei . 

Spreading Spheres from predetermined 
Nuclei ...... 

Spreading Spheres from continually 
appearing Nuclei with Growth con- 
trolled by constant rate of heat- 
removal ..... 


a = 

G = 1-137 

a = e-”"®'**. 

G — ijo) 

a' = 

G' = V117 (vIQTI^ 

Q,. _ Q — 47t0Jt)®t3/a 

G* = i/cu' 

a' = I — tjia, 

G' =: 


where jJg represents the time of complete solidification. 


APPENDIX 

Lateral Growth as a Complicating Factor in Film Thickening* 

At least three laws for the thickening of oxide films and similar layers 
with time have been experimentally established. These are : — 

The Rectilinear Law y — . , , . . . (13) 

The Parabolic Law ~ . . . . . (14) 

The Logarithmic Law y = K loge {ht -f k^) (15) 

In the author's opinion, the most suitable interpretation of the Recti- 
linear Law is that derived at independently by Tronstad,i^ by Vernon 

^^Tronstad, Trans. Faraday Soc., 1934, 3 ®» 1122. 

Vernon, Met. Ind., 1935, 46, 239. 
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and by Dunn and Wilkins/® whilst the most convenient proof of the 
Parabolic Law is that provided by Hoar and Price ; a derivation of the 
Logarithmic Law has recently been published by the author/® which 
appears to avoid some of the difficulties of previous interpretations. 

In the derivation of all these laws, it is tacitly assumed that growth 
begins simultaneously at all parts of the surface, and that the film at any 
given instant is of constant thickness everywhere. If oxidation, or any 
analogous change, begins at nuclei and spreads laterally, as well as down- 
wards, more complicated equations would be necessary, and possibly some 
of the inconsistencies which have been met with are due to the neglect of 
the possibility of lateral growth. 

If once it is admitted that the film is not of equal thickness every- 
where, it is necessary to distinguish between those methods of measure- 
ment in which the " efiect ” depends on the mean thickness from those in 
which it depends on the modal thickness. The gravimetric and electro- 
metric methods will belong to the first class, and the interferometric 
method to the second. It should not be overlooked that there are cases 
where the assumption of uniform thickness has been made not merely in 
the interpretation of the thickness values, but even in their determination 
from the actual experimental measurements. For instance, Steinheil 
measured the loss of transparency of thin aluminium layers during oxida- 
tion, and calculated therefrom the thickness of the oxide film, using a 
formula which tacitly assumed that the oxide film was uniform. 

This may perhaps serve to explain the apparent discordance between 
his results and those of Vernon, 20 although possibly this might, in any case, 
be explained by the different experimental conditions prevailing in the 
two sets of experiments. According to Lustman,^! Steinheihs results 
obey a Logarithmic Law of the form 

y = *7 + ^8 loge t . . , , (16) 

although the constants, ^7, and Ag, abruptly change their values after a 
certain time. Vernon's results do not seem to correspond to any similar 
law. Champion has analysed Vernon’s results, and states that they obey 
the law 

y = A,(i - e-**”*-*”) .... (17) 

but that here Ag, hio and abruptly change their values after a certain 
time. He agrees with Lustman in making the early part of Steinheil’s 
curves correspond to the Logarithmic Law, but suggests that the later 
part conforms with equation (17) ; he feels that there may be no in- 
consistency between the results of Vernon and Steinheil, since Vernon’s 
first reading was made after 0^4 days’ exposure, so that there may have 
been a logarithmic law operating in the earlier stages. 

Equation (17) is reminiscent of those governing lateral growth, and 
since, in* Vernon’s work, y represents the average film thickness as obtained 
by weight increment, the result might perhaps be explained by assuming 
that the growth quickly extended inwards to some limiting thickness, 
perhaps — as suggested by Mott — ^by the Tunnel Effect, and then spreads 

1® Dunn and Wilkins, Review of Oxidation and Scaling of Heated Solid Metals, 
i935i P- 67 (H.M. Stationery Office). 

Hoar and Price, Trans. Faraday Soc., 1938, 34, 867. 

Evans, Trans. Electrochem. Soc., 1943, 83, 337. 

Steinheil, Ann. Pkysik. 1934, 475- 

2® Vernon, Trans. Faraday Soc., 1927, 23, 152, 

Lustman, Trans. Electrochem. Soc., 1942, 81, 363. 

— Champion, Priv. Comm., Dec. 13, 1944. 

Mott [Trans. Faraday Soc., 1940, 36, 472) has used the Tunnel Effect to 
develop the logarithmic law of thickening, in cases where the thickness reached 
does not exceed lOb a. It appears more likely to he applicable to the oxidation 
of aluminium than that of zinc ; for Lustman (Trans. Electrochem. Soc., 1942, 

{Footnote contiimed overleaf. 
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laterally, -until the whole surface was covered to the permissible thickness. 
However, other explanations are available for the asymptotic character 
of the curves, based on the cracking of the films under internal stresses 
until these stresses become exhausted. 

The Author would acknowledge the kindness of several friends who 
have read the manuscript, made helpful suggestions or contributed valuable 
information. They include Professor N. F. Mott, Dr. H, Jeffreys, Dr. 
E Orowan, Dr. T. P. Hoar, Dr. F. S. Dainton, Dr. R. S. Thornhill, Dr. 
J, N. Agar/ Mr. F. A. Champion, and Mr. M. Tchorabdji. 

Corrosion Research Section, 

University Chemical Laboratory, 

Cambridge. 

Synopsis. 

Many problems, including those concerning the lateral growth of 
surface films, and the grain-size reached in cast metal, require a knowledge 
of the geometry of expanding circles or spheres. A simple method, based 
on the Additivity of Expectation, is described. If circles expand with 
velocity v from predetermined nuclei (co per unit area), the fraction of 
the surface (a) remaining uncovered in time t is ; if they start 

from nuclei which keep appearing on the uncovered fraction at nucleation 
rate Q, then a is In three dimensions, the corresponding ex- 
pressions for the unchanged volume (a') are and 

The mean grain-size reached with the two types of nucleation is i/o) and 

I 2/3 in two dimensions, and i jw' and 1*117 three dimen- 

sions. All the expressions mentioned are based on the supposition that 
the expansion is not limited by the rate of heat-abstraction. If the change 
is controlled by the removal of latent heat, the temperature remaining 
constant, then,* in three dimensions, a is i — tjU, and the mean grain- 
size attained is ‘ijQHo, where h is the time needed for complete solidification. 

An experimental study of the relations between a (or a') and t, or of 
the grain-size reached under different conditions, should provide funda- 
mental knowledge of the mechanism of nucleation. 

81, 37Z) has pointed out that, according to the Tunnel-Effect derivation, 
ought to be independent of temperature, whereas the results of Vernon, Akeroyd 
and Stroud on zinc [J. Inst. Met., 1939, 65, 301) show that varies with tem- 
perature. The author has been in correspondence with Professor Mott regarding 
the theory, developed on p. 482 of his paper, to deal with cases where the films 
grow to thicknesses exceeding 100 a. ; it is agreed that, seven lines from the 
bottom, (i — a)^ should read e-”", but the equation finally reached is not affected. 

2^ Evans, Trans. Elecirochem. Soc., *1943, 83, 340. 


ON SOME PHYSICAL PROPERTIES OF NORMAL 

PARAFFINS. 

By A. Mibashan. 

Received Q.jst June, 1944 ias amended, dith February, 1945). 

In the present paper an attempt is made to express certain physical 
properties of normal paraffins as functions of their '' boiling point fraction," 
defined as the ratio T/Tb (Tb being the boiling temperature at atmo- 
spheric pressure). The relations found may serve, it appears, to extend 
to ^-paraffins an existing theory of the liquid state. 

It is known that members of homologous series display a certain regular- 
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ity in the variation of their physical properties. These regularities have 
been expressed by empirical formulae. ® 

The application of the theorem of corresponding states to ^-paraffins 
was made by Young® who found that by plotting F/Fq vs. TjTc for 
pentane, hexane, heptane and octane, the representing points fall rather 
close to the same curve. Data of Wilson and Bahlke * for higher f^-parafiins 
fit also well into this curve. Bauer, Magat and Surdin ® simplified the 
study of static properties of liquids by introducing a "reduced tem- 
perature/" but it seems that their equation is not suited to represent the 
properties of i^-parafhns. 

Egloff and Kuder ’ tried to express the molecular volume in homo- 
logous series as an additive property of the number of C atoms. Their 
formula, in terms of " reduced temperatures " requires, however, five 
arbitrary parameters. 

The data used in the present paper were taken from the Landolt- 
Bornstein tables (for refractive indices) ; these data are essentially those 
of Dornte and Sm3rth.® The figures of densities at various temperatures 
were taken from Eglod"s tables.® Boiling points and melting points were 
taken from the fourth edition of Doss.^® 

The temperature variation of different properties of •^^-paraffins is 
considered in the range between melting point and boiling point. The 
critical point was not chosen as reference point because Guldberg"s rule 
fails for ^z-paraffins. It was found that by expressing some physical 
properties as functions of T/Tc, the representing points do not fall on a 
single curve, but rather on a stripe, i.e, have appreciable dispersion. On 
the other hand, the same properties, when plotted agaiirst T/Tb, give 
fairly sharp curves. This fact seems to justify the use as variable of 
T/Tb, which will be called herein the " boiling point fraction"" and 
denoted by Z . 

The properties for which the use of this variable appears to be par- 
ticularly suitable are the refraction, density (molecular volume), and the 
expansion coefficient of the ?^-paraffins ; these properties are simple 
functions of C. 


Melting Point and Boiling Point. 


On the basis of experimental data Nissan and Clark showed that 
for ^z-paraffins the following relation between viscosity 77 and temperature 
holds : 


It-ATb/T) . . \ . . (I) 


from theoretical considerations Eyring and Kauzman derived that 
for " simple substances the viscosity at the melting point should be 
the same, viz, 0*02 poises. In other words : 


W = ^ 

If w-paraffins satisfy both equations, we get from (i) and (2) : 

m=ATB/TM)^k . . . 


which leads to 


Yb/Ym = k'. 


(2) 

( 3 ) 

(4) 


^Bingham and Stookey, J.A.C.S., 1939, 61, 1625. 

® Wan, J. Physic. Chem., 1941, 45, 903. 

® Young, Sci. Proc. Roy. Dublin Soc., 1910, 12, 374. 

^ Wilson and Bahlke, Ind. Eng. Chem., 1934, U 5 * 

® Bauer, Magat and Surdin, Trans. Faraday Soc,, 1937, 33 » 

® Egloff and Kuder, J. Physic. Chem., 1941, 45, 836. 

'Egloff and Kuder, Ind. Eng. Chem., 1942, 34, 372. 

® Domte and Smyth, J.A.C.S., 1930, 52, 3546. 

® Egloff, Phys. Constants of Hydrocarbons, Vol. I, 1939. 

Doss, Phys. Constants of the Principal Hydrocarbons, IV ed., 1943. 
Nissan and Clark, Nature, 1939, 143, 722. 

12 Eyring and Kauzman, J.A.C.S., 1946, 62, 3113. 
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No, of C. Atoms. 


k' Odd. 

k' Even. 

6 


I 1-915 

7 

2-035 

1 

8 


1*842 

9 

1-930 

1 

10 


1-850 

II 

1-893 


12 


1*856 

13 

1 1-900 




1.890 

15 

1-926 


16 


1-924 

17 

1-970 


iS 

1 

i '930 

Average 

- -- •• • ■ ^ 1 

1*943 i 0-092 

I ‘886 ± 0-044 


Ihe experimental data confirm this conclusion. Table I gives the 

ratios Tb/Tu^ AL 
TABLE I. though the even. 

^^-paraffins have a 
comparatively higher 
melting point than 
the odd ones/® the 
difference between 
the average ratio 
Tb/Tm for odd and 
even C atom series 
is less than 3 %. 

The above figures 
suggest that the 
melting points of 
paraffins are “ corre- 
sponding tempera- 
tures/' For odd C 
number paraffins the 
melting point repre- 
sents a correspond- 
ing temperature of 
Tm/Ts = 0-515 ; for 
even ones T^ITb = 
0 - 530 - 

For isoparaffins, if Tb/Tm is calculated, wide deviations from an 
average value are found.* 

The Relation between Refractive Index and Temperature. 

It can be shovm mathematically that there is, in fact, no difference 
between the theoretically founded Lorenz-Loreutz equation for specific 
refraction and the 
empirical formula of 
Gladstone and Dale : 

(nx) — i)/p = 5 . (5) 

For the sake of 
simplicity formula (3) 
will be used hence- 
forth. Table II gives 
the calculated 5 
values for ^-paraffins. 

The deviation 
from the average 
value 0-565 is less 
than 0*7 %, Ward 
and Kurtz give the 
following expression 
for the increments of 
refractive index and 
density : 

Isn = o-6oA/3. . (6) 

From equation 
(5)i hy differentia- ' 

tion, the more accurate value Aw = 0'565Ap is obtained for w-paraffins. 

Muller, Proc, Roy, 5 oc„ A, 1929, 124, 317. 

* It is interesting to note that in the alkaline metals series the ratio Tb/Tm 
( except for Li, whose b.p. is not certain) is fairly constant and has the average 
value 3-10. Ward and Kurtz, Ind. Eng. Chem., Anal. Ed., 1938, lo, 560. 


TABLE II 

No, of C. Atoms. 

Temp, 

6j0->i)/p. 

6 

15 

0-567 

6 

20 

0-569 

6 

25 

0-368 

7 

20 

, 0-367 

7 

25 

0-567 

8 

20 

0-565 

9 

20 

0-565 

9 

25 

0-565 

10 

20 

0-563 

10 

25 

0-564 

II 

20 

0-566 

12 

20 

0-563 

X 2 

25 

0-563 

13 

20 

0-562 

14 

20 

0-565 

15 

20 

0-570 

16 

not indicated | 

0-564 

■18 


0-563 
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The molal refractivity for ^-paraffins J? — ikf . S becomes equal to 
0*565 M . Since m = 12*01^2 (2% + 2) . i*oo8 = 2*016 + ’^^'02671, the 


molal refractivity will be : 

R = 0*565 (2*016 -{- 14*026?^) 

= 1*14 + 7*924^. . (7) 

A slightly different empirical for- 
mula is given by Huggins : 

R = 2*12 4 - 7*8i5n. 

By plotting vs . T/Tb for 
liquid ^a-paraffins from six to twelve 
C atoms a straight line. (Fig. i) is 
obtained. The equation of this 
line is 

nn — — O'iSii: + i*530- • (8) 

This means that (a) ^-paraffins 
have the same refractive index for 
•equal t, they are reduced, with 
regard to refraction, to one single 
liquid ; (&) the refraction index of 
•^^-paraf&ns varies linearly with t. 
(It should, however, be kept in 
mind that actual measurements for 
single ^-paraffins were made in a 
restricted interval only, usually 
between 15-25°.) It is emphasized 
that if TjTo were used instead of 
the representative points 
would not fall on one line. 



Fig. I. — The figures next the circles 
represent the number of C atoms of the 
respective w-paraf&n. 


The Relation between Density (Molal Volume) and C. 

From equations (5) and (8) it follows that 

P — cX, . . . • (9) 

where — 0*181/0*565 and J = 0*530/0*565, i.e, the density of n- 
paraffins is a linear function of t- This equation perhaps does not hold 
exactly for the whole range of the liquid state, since it is not known if 
equation (8) is valid for this range. From diagram 2 it may be seen that 
53 points of densities of 7^-paraffins fall fairly accurately on a straight 
line, in the temperature range between 0° and 100°. More points are not 
represented, falling too close to each other. Again, if the same densities 
are plotted vs. T/Tc ^ rather broad stripe is obtained, every single 
i?«-paraffin giving its own line, which does not coincide with that of the 
previous one. 

From equation (9) we get the following expression for the molal volume 
of liquid -w-paraffins : 

V ^ MI{cX d). .... (10) 

In Table III a comparison is made between observed data, those 
calculated by EglofE ’ and those given by equation (ib). 

It may be seen that the use of the boiling temperature fraction affords 
the formulation of a rather simple connection between molal volume and 
temperature. 

Cubical Expansion Coefficient. — From the relation between density 
and t the cubical thermal expansion coefficient for liquid -w-paraffins 
may be derived. 


Huggins, J.A,C.S,, 1941, 63, 116. 
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or 

and putting 
we get 


O^SO 


014 


[ 0-75 


The coefficient of expansion is defined as : 

a = dF/Fdr (II) 

u=-dp/pdT (II') 

p = cT/Tb + d (9) 

a = ~ cKcTjTB -F d)TB - - cjpTB. . . (12) 

Thus, for a given t the expansion co- 
efficient of ^z-paraffins is inversely pro- 
portional to their boiling temperature 
and the product of a. Tn is constant 
(12'). This relation is formally analogous 
to Grueneisen’s law,^® which states that 
the product of the mean expansion co- 
efficient (between absolute zero and the 
melting point) and I'm is constant for 
monatomic metals. 
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Oil 
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Discussion of Results. 

The relations obtained above, ex- 
pressing certain pi'operties of 7 ^-paraffins 
as functions of a " reduced temperature 
T/T-\^ have so far been considered as 
empirical results, but it is interesting to 
note that similar relationships in terms 
of a " reduced temperature ” can be 
obtained from the Lennard- Jones and 
Devonshire theory of the liquid state. 

They assume 
that the work 1>F 
which is required 
to convert the sys- 
tem from an ordered 
to a disordered 
state is propor- 
tional to the equi- 
librium energy (^o» 
since this energy 
is generated by the 
order-forces. This 
assumption can be 
considered to be 
generally true for 
all types of mole- 
cules. The method 
7/ of calculation is 
statistical in nature 
and of general ap- 
plicability. 

For the case of 
simple molecules 
(inert gases, Ng, 
the following equation of 


% 

o'! 


o *1 


o1 


L_ 


f 


'a 


Fig. 2. — The figures next the circles represent the number 
of C atoms of the respective ^-paraffin. 

etc.) Lennard- Jones and Devonshire derived 
state : 

P = . . . (13) 

where p is the pressure of the system, is the energy required to separate 
two molecules from their position of minimum energy to infinity, .Wp* is 

Griineisen, Ann, Physik, 1912, 39, 296. 

Lennard- Jones and Devonshire, Proc. Pay, Soc,, A, 1939, 170, 464. 
Lennard- Jones and Devonshire, ibid,, 1938, 165, i. 
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the specific volume of the system at absolute zero and vlv^is the ratio of 
the volume of the system at temperature T to its volume at absolute zero, 
k is the usual gas constant, is a function depending only on the crystal 
structure of the substance and the type of inter-molecular forces which 
are operative. 

TABLE III 


No. of C. Atoms. , 

to. 

V obs. 

V Egloff. 

P'lO. 

6 

— 19-2 

! 

124*04 1 

124*3 

123*0 

7 

— 3-08 

142-49 

142*61 

142*20 

S 

II -5 

160-97 

160*90 

160*90 

9 

25'0 1 

i';g-66 

— 

iSo'O 

10 

36*4 

198*27 


198-57 


We see that kT/(f>Q plays the role of a “ reduced temperature " and 
v/vq of a “ reduced volume,” 

We shall consider what relations can be obtained by putting, according 
to Lennard- Jones and Devonshire 

... . . (14) 

This is equivalent to using a new reduced temperature C' = T/Tyt. 

We can wTite equation (13) in the form . 

pyo*l'ko = G-(vlVo.l') (13') 

For zero pressure we have a functional relationship between vIVq 
and V : 

G{v/v^, t') = o (13-") 

Experimental data refer, however, to atmospheric pressure, but this 

does not af[ect essentially equation (i 3'0 ; as pointed out by Lennard- 
Jones and Devonshire the theory indicates that the effect of so small 
a pressure will be small.'* We can therefore write : 

v/v. = y{t') ( 15 ) 

Where Y is the same function for all substances having the same 
function G. 

In the derivation of the above equation (13) two assumptions have 
been made, namely, that the molecules have spherical symmetry and that 
they crystallize as a close-packed face-centred structure. 

Similar assumptions can be made in the case of <ji-paraffins, since 
Miiller ^ » has shown that the molecules of -paraffins behave as rigid 
cylindrical rods and that in the solid state the molecules are arranged 
parallel to themselves in a close-packed structure, while Seyer, Patterson 
and Keays 21 have shown that the molecules of a n-paraffin remain orien- 
tated to a large degree in the liquid state, at any rate in the neighbourhood 
of the melting point. 

There are, thus, good reasons for beliering that an equation similar 
to (15) will apply to ‘w-paraffins. 

On the other hand Muller has pointed out that there is a distinct 
structural difference between odd and even numbered hydrocarbon chains 
in the solid state. This difference is responsible for the alternations ob- 
served in some physical properties as lattice energy, melting point, niole- 
cular volume of the solid, etc.; when representing these properties avS 
functions of 7 i, two distinct curves are obtained for odd and even members. 

Muller, Proc. Roy. Soc., A, 1941, 178, 227. 

Muller, ibid., 1932, 138, 514. 

Seyer, Patterson and Keays, J.A.C.S., 1944, 66, 179. 
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"y in 6<^u^tion (15) depends on tlie crystal structuie, tlius, if we apply 
an equation of this type to w-paraffins we shall expect two functions, 
y„ {n odd) and Ye (« even), to represent their properties. 

We write, therefore : 

{vjV(f)oati = ^0(^0 {v/Vq)q-vqtl = . , (16) 

It is an experimental fact that Tb smooth function of whereas 

varies smoothly only within each of the seiies, taken separately. We 
shall, therefore, try to use T/Tb as a new reduced temperature." Ac- 
cording to Lennar' 4 ' Jones and Devonshire Tb/Tm is only approximately 
constant ; since, however, their theory is not expected to hold exactly, 
the above step appears permissible. A certain measure for the applica- 
bility of the theory to our case is given by the dispersion of the ratio- 
Tm/To (predicted constant for substances to which the theory holds good) 
as function of n. This ratio displays, indeed, a steady increase from 0-350 
for w-hexaiie to 0-403 for -w-octadecane and from 0*337 “W-heptane to 
0*392 for 7^-heptadecane. Within these limits, we can consider Tb/Tm: 
(eqn. (4)) as fairly constant for each series respectively. 

From eqn. (4) : 

(TB/T]\r)od<l == ^0^ (TB/T]vi)even = A'e 

and equation (16) we get : 

(^/^ojodd — -^o(^/^b) B/Ud (z^/yo)even. ^g(T'/Tb). . (l?) 

If we now compare our equation (10) with eqn. (17) it is clear that 
(10) leads at once to a particular case of (17), i.e, with Z an inverse linear 
function of T/Tb* I't is, furthermore, rather surprising to find that, over 
the range of applicability of equation (10), the functions Zq and Zq do 
not differ from each other. In other words, the use of the " reduced 
temperature I = TJTb enables certain properties of ti-paraffins to be 
represented as a single function. (Whereas T/Tm or T /T^ do not.) 

Lennard- Jones and Devonshire deduce that the coefficient of thermal 
expansion of the liquid just above the melting point is inversely proportional 
to Th- ■the case of -paraffins, by logarithmic differentiation of eqn. 
{17) with respect to T we obtain our equation (12'), which states that the 
coefficient of thermal expansion of the liquid just above the melting point 
is inversely proportional to Tn- 

These results ate sufficient to indicate that, with due modifications, 
the equation of, Lennard- Jones and Devonshire may apply to the case of 
^-paraffins and thus provide a theoretical explanation to the relations 
obtained above. , 


Summary. 

The existence of simple relationships between the refractive index,, 
density, coefficient of thermal expansion and temperature in the n-paraffin 
series has been shown. These relationships seem to warrant an extension 
of the liquid state theory of Lennard -Jones and Devonshire to the case of 
^-paraffins. 

The author wishes to express his gratitude to Prof. L. Farkas for his 
kind advice and constant interest and to Dr. M. Schiffer and Mr. H. J. G. 
Hayman for their valuable help throughout. 
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THE ABSORPTION SPECTRA OF TRIPLE BOND 
MOLECULES IN THE VACUUM ULTRA VIOLET. 

'By W. C. Price and A. D, Walsh. 

Received March, i945- 

Part I. Unconjugated Molecules. 

In a series of papers ® we have dealt with the spectra of simple 

ethyienic molecules and of conjugated double bonds. The present work 
describes the spectra of triple bonds : Part I relates to the unconjugated 
molecules, acetylene, methyl acetylene, hydrogen cyanide and the 
cyanogen halides ; Part II to the conjugated molecules diacetylene, 
dimethyl diacetylene and cyanogen. 

The Spectrum of Acetylene. 

The strongest bands in the ultraviolet spectrum of acetylene occur 
below 1550 A. and have already been studied by one of us : ® they are 
Rydberg in type, being due to the excitation and ionization of one of the 
TT electrons of the triple bond. A photograph of the acetylene spectrum 
is included here for comparison with that of methyl acetylene and also 
to show the weaker system of bands that extends from about 2000 to 
1500 A.* This system consists of many diffuse bands, weak at first, in- 
creasing in intensity to a maximum around 1725 a. and then becoming 
weak again. The bands have been reported by Herzberg » and by Rose.® 
Since both these authors used the hydrogen continuum as their source 
of light, neither was able to observe the complete system shown in the 
accompanying photograph and obtained by the use of the Lyman con- 
tinuum, The bands are - difiuse and their measurement difficult, the 
difficulty being further increased by interference from emission lines. 
The vibrational structure is complicated and many frequencies seem to 
be involved : a successful analysis has not yet been achieved. 

The Spectrum of Methyl Acetylene. 

Methyl acetylene was prepared by the modification of the method of 
Johnson and McEwen given by Pauling, Springall and Palmer. 
Propylene was brominated to give dibromo propane, which was converted 
into methyl acetylene with alcoholic KOH. 

CHg— CH=CH3 . CHBr— -CHoBr . C=CH. 

Bra " alo. KOH 

The product was contaminated with traces of acetylene, but the use of 
comparison pictures enabled the bands of the latter to be eliminated. 

The spectrum begins with two difiuse regions of absorption, the first 

^ Price and Tutte, Rroc. Roy. Soc., 1940, 174, 207. 

^ Price and Walsh, ibid., 1940, 174, 220. 

® Price and Walsh, ibid., 1941, 179, 201. 

^ Price and Walsh, ibid., in course of publication. 

^ Walsh, Trans. Faraday Soc., 1945, 41, 35. 

® Price, Physic Rev., 1935, 47, 444. 

A still weaker absorption system occurs ’ in the region 2400-2000 A. 

^ Kistiakowsky, ibid., 1931, 37, 277. 

® Herzberg, Trans. Faraday Soc., 1931, 27, 378. 

® Rose, Z. Physik., 1933, 81, 751, 

Johnson and McEwen, J. Amer. Cham. Soc., 1926, 48, 469. 

Pauling, Springhall and Palmer, ibid., 1939, 927. 
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from about 1950 to 1880 a. and the second from about 1750 to 1600 a. 
These two regions take the place of the acetylene bands from 2000 to 
1600 A. and only appear at high pressures : though some bands are visible 
in them they are much less distinct than in acetylene. At about 1580 a. 
a doublet occurs which has no analogue in the acetylene spectrum. It 
IS stronger than the absorption regions to longer wavelengths, but rather 
weaker than the bands immediately following it on the short wavelength 
side. At 1540 A. the strongest band of the whole spectrum occurs, cor- 
responding to the acetylene band at 1510 a. From 1540 a. onwards the 
spectrum is very similar to that of acetylene, except that corresponding 
bands are moved through about 850 cmr'^ towards the red. 

In acetylene two Rydberg series were found, the bands of each series 
being easy to distinguish because of their differing structure : those of 
the first series had only P and R rotational branches and were single 
headed, those of the second series P, Q and R branches and were double- 
headed! In methyl acetylene the bands are too diffuse for this, but it 
is fairly easy to pick out two Rydberg series by analogy with the acetylene 
series. The acetylene bands suffer a fairly constant shift. The reality 
of the series found is supported by the large number of members observed 
for each. They can be represented by 


^ 91240 - 


R 


= 91 100 


(n 0*48)^ 
R 

{n + 0*04)2 


(I) 

(^) 


Table I (i and 2) respectively show the accuracy with which the two 
equations reproduce the observed frequencies. They also show the shifts 
of the bands relative to the corresponding bands of acetylene. 


TABLE I. 


n 

^^obs. 

locale. 

^'acet. 

^acet.-^Me acet* 

{!) The observed and calculated frequencies of the Rydberg bands of 
series (1). 

cm,~i 

2 

73597 

73369 

74516 ' 

919 

3 

82237 

82168 

S3 140 

903 

4 

85752 

S5753 

86665 

913 

5 

87592 

S7576 

88431 

871 

6 

88623 

88617 

89464 

841 

7 

89273 

S9279 

Obscured 

S49 

8 

S9711 

89714 ! 

90560 

9 

90020 

90019 ' 

90860 

840 

10 

90277 

90241 

— 

— 

II 

90385 

90387 

— 

— 

12 

90451 

90536 i 

— 

— 


( 2 ) The observed and calculated frequencies of the Rydberg bands of 
series (2). 


2 

64913 

64727 

65790 

877 

3 

79225 

79228 

80116 

891 

4 

84388 

84376 

85226 

838 

5 

86793 

86780 

87636 

843 

6 

88093 

88092 

88946 

853 

7 

88890 

88886 

89743 i 

853 

8 1 

89398 

89403 

90260 

862 

9 ' 

89711 

89758 

90610 1 

899 

10. 

90020 

90012 

— 1 

— 

II 

90192 

90200 





W. C. PRICE AND A. D. WALSH 383 

Both series are very good. In the first, eleven members were observed 
and the extrapolation to the limit was only over about 700 cm.-b The 
limit may thus be given as 11*2590 i 0*0005 v. In the second, ten mem- 
bers were observed and the extrapolation to the limit was over about 
800 cm.“^ : the limit corresponds to 11*2417 i o*ooi v. The separation 
of the two limits is only 0*017 v., but it is to be noted that this separation 
is outside the limits of accuracy of the individual limits. It appears 
possible that the field produced by the methyl group splits the electronic 
levels by a kind of internal Stark effect. H2S^® also gives two Rydberg 
series which go to closely the same, but not quite identical, limits. 

The close parallel between the above series and the two series found 
for acetylene shows that a similar electron is being excited in the two 
molecules. By the study of heavy acetylene it was possible to make a 
vibrational analysis of the acetylene spectrum, indicating that this electron 
was one of the tt valence electrons of the triple bond, a fact which was also 
evident from the rotational structure of the bands. 

The reduction in first ionization potential from acetylene to methyl 
acetylene is to be ascribed to two effects — ^to a simple inductive effect 
(such as is present in the alkyl halides) transferring negative charge into 
the region of the triple bond ; and possibly to the phenomenon known as 
hyperconjugation : by this, the three C — bonds of the CHg group 
behave rather like a triple bond and the CHg — C distance is abnormally 
shortened, while the first ionization potential is reduced just as that of 
diacetylene is reduced relative to acetylene. 

The observed frequencies of the n ^ 2. Rydberg bands of methyl 
acetylene and acetylene differ much less from their calculated values 
than do the early Rydberg bands of say the butadiene or aldehyde de- 
rivatives. This is because the ionization potential is considerably higher 
in the acetylene derivatives and so the low Rydberg orbitals do not lie 
so much within the dimensions of the molecule. Even in diacetylene 
(see later) the first ionization potential is still suf&ciently high to give quite 
good agreement between the observed and calculated values of the early 
Rydberg bands. In butadiene and ethylene the first excited Rydberg 
orbital lies so much within the structure of the molecule that it partakes 
to some extent of V character. In acetylene and diacetylene, however, 
the first N V transition appears to be separated from the first Rydberg 
band. 

The Spectrum of Hydrogen Cyanide, 

The strongest bands in the hydrogen cyanide spectrum occur from 
1120 A. onwards: they are all difiuse. From 1550 to 1350 a. a some- 
what weaker system occurs, the bands of which are sharp. They have 
already been reported by one of us but are reproduced in Plate I for 
the sake of comparison with the other spectra here described. (On the 
accompanying photograph some difiuse absorption due to water vapour 
occurs between 1350 and 1120 a.).' 

The Spectra of the Cyanogen Halides. 

The spectra of the cyanogen halides CICN, BrCN and ICN have been 
obtained and a full report will be published later. A few remarks are 
of interest here to fill in the general picture. The absorption is due to 
two main groups of electrons, viz., the 4 non-bonding pn electrons of the 
halogen atom and the 477 electrons of the triple bond. In the case of 
ICN the absorption is dominated by the non-bonding pir iodine electrons 
and the spectrum closely resembles that of HI, i.e., an absorption con- 
tinuum in the neighbourhood of 2200 a. followed by sharp bands at 1705 

Price, /. Chem. Physics, 1936, 4, 147. 

Price, Physic. Review, 1934, 4 ^» 529. 
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and 1580 A. (“ B and C bands). They are followed b^r others 
which converge on ionization potentials in the neighbourhood of 10 -6 
and 11*2 V. The positions of the bands relative to the alkyl halides and 
the halogen acids indicate that a small amount of negative charge is given 
up to the CN bond rather than extracted from it by the attached iodine. 
Dipole moment data support this since the cyanogen grouping is associated 
with a dipole moment of 3 Debye, the carbon atom being the positive end. 

For the bromide and the chloride there are obviously very close 
similarities with the electronic states found for the halogen acids. The 
band systems suffer slight displacements to long wavelengths relative to 
those of the corresponding acids due no donbt to the increasing electrone- 
gativity of Cl and Br relative to I. It is probable that some of the bands 
below about 1300 a. are due to the excitation of CN electrons but they 
are too dihuse for sufficient information to be extracted from them to 
establish this point. 


Part II. Conjugated Molecules. 

The Spectrum of Diacetylene. 

Diacetylene was prepared in two ways, first by the method of Strauss 
and Kollek and second by the method due to Griner and applied by 
Pauling, Springall and Palmer.^^ The first method was found to give 
very poor yields (pf. Pauling et al,). The second method consisted of 
refluxing the copper derivative of acetylene with potassium ferricyanide, 
but it was found that use of a large excess of ferricyanide (as recom- 
mended by Pauling et al.) resulted in the product containing HCN. A 
smaller quantity of ferricyanide gave a more satisfactory product. 

The ultra-violet spectrum of diacetylene ' begins with a region of 
absorption around 2860 to 1900 a. This has been studied by Woo and 
Chu.^’» At shorter wavelengths much stronger bands occur. The 
appearance pressures of the strong bands of the far ultra-violet spectra 
of all acetylene derivatives seem to be very low and those of diacetylene 
particularly so. At low pressures the spectrum is transparent to 1630 Av 
where the strongest band of the whole spectrum occurs. It is followed 
by other strong bands which become weaker in intensity and crowd more 
and more together as shorter wavelengths are reached. These are the 
characteristics of Rydberg bands and it was fojind possible to represent 
many of the bands by the two formulae 


= 87060 — 
= 87024 ~ 


[n H- 0-05)2 

R 

(n -h 0*48)2 


( 3 ) 

(4) 


Table 11 (3 and 4), respectively, show the accuracy of this representation. 
The limits of the two series are the same within the accuracy of extra- 
polation. Their mean corresponds to 10*741 ± 0*005 v. The first 
member of each series occurs as a doublet. 

A new system of strong bands begins around 11-20 a. These are re- 
ferred to again in the discussion. 


The Spectrum of Dimethyl Diacetylene. 

Dimethyl diacetylene was prepared by the method of Griner used 
by Pauling, Springall and Palmer.^^ The copper derivative of methyl 

Price, Proc, Roy. Soc. A, 1938, 167, 216; 

Strauss and Kollek, Ber., 1926, 59, 1664. 

Griner, Ann. de Ckimie Physique, 1892, 26, 354. 

Woo and Chu, J. Chem. Physics, 1935, 3, 541. 

Woo and Chu, ibid., 1937, 5, 786. 
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acetylene was refluxed with potassium ferricyanide and the resulting 
dimethyl diacetylene distilled in steam. The product had a melting-point 
of 64° C. 

The near ultra-violet absorption has been studied by Macbeth and 
Stewart who found no absorption maxima. Our plates show that at 
the pressures used the 

spectrum begins with an TABLE II. 

absorption region from 

2000-1700 A. A pair of „ 

bands separated by 2450 

cm.-i comes first, followed 

by a stronger doublet at ( 3 ) Observed and Calculated Frequencies 
about 1880 A., a strong the Rydberg bands of series ( 3 ). 

band at 1800 a. and a group ^ ^ c 

of bands on the short wave- ^ 60790 6094S 

length side of this. A fre- 3 75-3 75 ^ 3 

quency of 2500 cm.-^ is J 82757 

noticeable here. The bands 5 84048 84062 

from 2000 to 1700 A. have 7 Obscured 84852 

no obvious analogue in the S 85392 85 366 

diacetylene spectrum. 

At 1650 A. the strongest (^) Observed and Calculated Frequencies 
bands of the whole spec- Rydberg bands of series ( 4 ). 

trum occur in the form of 2 69126 69153 

two bands separated by 3 77954 77952 , 

2500 cm.-i ; these are oh- ^ 83^61 

viously analogous to the g Obscured 84401 

strongest bands of the 7 85065 85063 

diacetylene spectrum. 

Several other strong bands — — 

occur in the region 1650-1400 a. The separations of the strongest of 
these are given in Table III. 

The strong bands from 1650 a. onwards resemble the Rydberg bands 
of diacetylene, but unfortunately comparatively few could be observed 


2 

69126 

69153 

3 

77954 

77952 

4 

81545 

81537 

5 

83355 

83361 

6 

Obscured 

84401 

7 

85065 

85063 


The separations of the strongest of 


TABLE III.— Frequencies of 
Bands in the 1650-1400 a. 

Region of Dimethyl Dia- TABLE IV. — Observed and Calculated 


cetylene. Frequencies of the Rydberg Bands 

cm.-’. Series {5). 

599S4 

24S4 n 

62468 

1 ^'obs. 

locale. 

2637 

65105 

2441 2 

67546 . 3 

2230 4 

69776 5 

2239 6 

72105 

cm 

78727 

85265 

S8010 

89550 

9047S 

1 78813 

85210 

88047 

89548 

90437 


leading to the first ionization potential of dimethyl diacetylene. Since 
the bands are shifted to long wavelengths to diacetylene a lower ionization 
potential is indicated for the dimethyl derivative. The reduction in 
ionization potential relative to diacetylene is presumably due mainly to 
an inductive effect and perhaps partly to the effect of hyperconjugation. 

The Rydberg bands leading to the second ionization potential can 

Macbeth and Stewart, J. Chem. Soc., 1917, Hi, 831. 
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be better observed. They begin at about 1250 A. and five of them can 
be measured. They fit the formula 


= 92810 


{n -b o*8o)® 


(5) 


Table IV shows the agreement between observed and calculated frequencies ■ 
The limit corresponds to ii'45 ± 0*02 v. An earlier member of the 
series may lie in the region 1600-1400 a. : there seem to be more strong 
bands here than there are diacetylene analogues. 


The Spectrum of Cyanogen. 

The spectrum of cyanogen was obtained by heating mercuric cyanide 
and passing the evolved gas directly into the spectrograph. 

The strongest bands begin at about 1320 a. They are diffuse, but it 
can be seen that they crowd together to a limit around 900-850 a. This 
corresponds to an ionization potential 13-8 v. (very roughly). 

Cyanogen has a somewhat weaker absorption system from 1700 to 
1450 A, : it corresponds to the hydrogen cyanide region of 1550-1350 a., 
the bands of which can actually be seen upon the high pressure cyanogen 
photograph, since a little hydrogen cyanide was present (probably formed 
in the discharge tube : the last traces of air are removed from the spectro- 
graph by a hydrogen how). There is much fine structure in the 1700- 
1450 a: region and the vibrational analysis is difficult. 

Cyanogen also has bands in the region 2300-1820 a. They are weaker 
than the shorter wavelength absorption, but many of them can be seen 
upon the high pressure photograph. They have been reported by Woo 
and Badger, =*2 virho, however, found the structure too complex for complete 
analysis. Other weak bands have been reported by Woo and Liu in 
the region 3020-2400 a. 


Discussion. 

In acetylene the 4 tt electrons normally occupy two orbitals, xi ^-nd Xz, 
at right angles and both of axis perpendicular to that of the o- C — C orbital. 
These orbitals correspond to the same energy level. The electronic struc- 
ture of diacetylene differs from that of acetylene in that the eight tt electrons 
are now in two energy groups of four, there are two energy levels 
both doubly degenerate. Two orbitals, xt 3-^6 Xa> perpendicular sym- 
metry axes correspond to the lowest occupied energy level ; and two, 
Xz a.iid Xi> correspond to the second occupied energy level. The xtx^ 
energy level lies below and the xzXi I^vel above the single level of acetylene . 
The values for the bonding energy levels are 

J[ ± ft - Vft2' + 7 ft 2 ] 

■where j&g and are the parameters called " resonance integrals '' for the 
single and triple bonds respectively. The expression for the levels is 
precisely the same as for butadiene 21 except that ft replaces jSd. For 
the purpose of rough comparison with other molecules, we may wiite 

^ ft — i9(i = ft 

and so obtain Huckebs butadiene values for the energy levels (— 0-62 jS 
and —1*62/3), Since consideration of the non-equality of the lengths 
of the links in butadiene changed the highest bonding energy level to 
— 0*67 we may estimate the highest bonding energy level in diacetylene 
as (very roughly) ~ — 0*7/8. Fig. i sets side by side the energy levels 
of acetylene and diacetylene. 

20 Penney, Private comwunication. 

21 Lennard- Jones, Proc. Roy. Sac., 1937, 158, 280. 

**2 Woo and Badger, Physic Rev., 1932, 39, 932, 

Woo and Liu, J. Chem. Physics, 1957, 
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Plate I. — The spectra nf (/i) acetylene, (b) methyl acetylene, and (c) 
hydrogen cyanide. 
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The ionization potentials found for acetylene and methyl acetylene 
are those of w electrons. We may assume that in diacetylene -.^the first 
ionization potential is also due to the excitation of a it electron. This is 
supported by the facts that [a) the excitation must be that of an electron 
that has little bonding power because there is practically no vibrational 
structure in the spectrum ; [h) the ionization potential found is lower 
than that of acetylene ; the splitting of tt energy levels described above 
means that such a lowered first ionization potential is expected. We 
may therefore identify the electron being removed at the first ionization 
potential as a tt electron from the xzXi shell. 

Figure I. 

Acetylene Diacetylene 




(xzYix^Y 0 - 7 ^ 


If we consider the normally occupied energy level of acetylene as 
— jS (as in ethylene) and the highest normally occupied diacetylene energy 
level as we can get a value for jS by assuming that the difference 

in first ionization potential of diacetylene and methyl acetylene is equal 
to the difference in binding energy of the highest occupied orbitals. Methyl 
acetylene, rather than acetylene, is chosen so as to make the environment 
of the TT electrons as similar as possible. We get 


0 - 3/3 = 11-25 10*74 = 0*51 V, 

or ^ = 1*7 V. 

The fact that this is of the right order of magnitude lends support to our 
value for the first ionization potential of diacetylene. 

The strong bands starting around 1120 a. in diacetylene are evidently 
the first strong resonance bands leading to the ionization of an electron 
from the ^1:^2 shell ; and the Rydberg series found for dimethyl diacetylene 
represents the excitation of a xiXi electron. 

The dimethyl diacetylene spectrum indicates a lower ionization potential 
for both X3X4 X1X2 electrons than in diacetylene and this is no doubt 
in part due to charge transfer. On the other hand, in dimethyl diacetylene, 
the presence of the bands between 2000 and 1700 a. the complicated 
vibrational structure in the region 1600-1400 a, region and the failure to 
appear of the higher members of the Rydberg series leading to the first 
ionization potential, all indicate a change in the structure of dimethyl 
diacetylene relative to diacetylene greater than a simple inductive effect 
would indicate. 

The electronic structure of diacetylene and its relation to that of 
acetylene is of course very similar to the structure of butadiene and its 
relation to ethylene. The diacetylene structure may be said to have a 
two-dimensional ^ configuration, whereas butadiene has only a one- 
dimensional 7 T configuration. The chief difference between the diacetylene 
and butadiene spectra is the absence of vibration in the former : the reasons 
for this are that [a) in diacetylene only one tt electron out of eight is being 
excited, whereas in butadiene one out of four is affected — the change in 
force constant on excitation is therefore much greater for butadiene than 
for diacetylene, (&) the antibonding V state, which in butadiene perturbs 
the first Rydberg state, in diacetylene probably has a much lower energy 
than the first Rydberg state. 

There should exist N ^ V transitions for the diacetylene electrons 
as for those of butadiene. The diacetylene 2860-1900 a. system probably 
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corresponds to the acetylene 2000-1550 a. system and is perhaps to be 
identified as the -h- Vi transition : it is pushed to longer wavelengths 
relative to acetylene by virtue of the conjugation. If such an identification 
is correct, it is to be noted how much stronger in acetylene and diacetylene 
are the Rydberg bands than the N -> transition. This is to be related 
to the high ionization potentials of these molecules (relative to butadiene), 
which cause the first excited orbital to be almost clear of the nuclear 
structure and therefore not to be modified by it. 

Diacetylene bears the same relation to acetylene, as cyanogen does to 
hydrogen cyanide. The first ionization potential of hydrogen cyanide 
is given by Sponer as 14-8 v. It probably corresponds to the removal 
of an electron from the C— N bond. The shift of the cyanogen strong 
bands to long wavelengths relative to hydrogen cyanide and the conse- 
quent reduction in first ionization potential are the usual results of con- 
jugation. The similarity of the structures of diacetylene and cyanogen 
has been pointed out by Timm and Mecke and by Woo and Chu.i’ The 
two molecules are in fact isosteric. It is therefore probable that the 2300- 
1820 A. cyanogen system is due to a transition analogous to that responsible 
for the diacetylene long wavelength bands. 

This work was carried out in 1940, war-time conditions having delayed 
its publication. The authors desire to acknowledge financial assistance 
from the Department of Scientific and Industrial Research. 

Summary. 

The spectra of acetylene, methyl acetylene, hydrogen cyanide, di- 
acetylene, dimethyl diacetylene and cyanogen have been photographed 
in the vacuum ultra-violet. Two long Rydberg series have been found 
for methyl acetylene, leading to the limits 1 1*2590 ± 0-0005 and 
11-2417 ± o-oox V. Two well developed Rydberg series in diacetylene 
lead to the value 10-741 v, for the 'first tt ionization potential of the mole- 
cule. In dimethyl diacetylene the second ionization potential of the 
TT electrons is found to be 11*45 v. Discussions of all the spectra in terms 
of the electronic structures are given.. 

Laboratory of Physical Chemistry, 

Cambridge, 

Sponer, Molekiilspekiren, 1935, p. 133. 

Tim and Mecke, Z. Physik., 1935, 94, i. 


INORGANIC CHROMATOGRAPHY, PART L— 
STATIC ADSORPTION MEASUREMENTS. 

By P. W. M. Jacobs and F. C. Tompkins. 

Received $th June, 1944, as amended 2^th February, 1945. 

The application of chromatography to aqueous solutions of electrolytes 
has received comparatively little attention, ^ and the separations obtained 
are not generally clear cut.2 Schwab and Jockers ^ have suggested that 
this is linked mth the exchange capacity of the adsorbent, whereby an 
equivalent amount of Na* ions, present as impurities in the form of alum- 
inates, is released. The conclusion was derived from a study of columns 

^ (a) Schwab, Z, Electrochem., 1937, 43, 791. {h) Schwab and Battler, Angew. 

Chem., I 937 i 691. (c) Schwab and Battler, ibid., 1938, 51, 709. (d) Schwab 

and Jockers, ibid., 1937, 54^- (^) Schwab and Jockers, Naturwiss., 1937, 35, 

44* (/) Schwab and GhoSh; Angew. Chem,, 1939, 53, 666 . (g) Schwab and 

Ghosh, ibid., 1940, 53, 39. (h) Taylor and Urey, /. Chem, Physics, 1938, 6, 429. 

(i) Flood, Z. anal. Chem., 1940, 130, 327. 

^ Cf. figs, given in ref. i b, c, d, e. 


^ Ref. id. 
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and no quantitative measurements, which are best accomplished hy static 
measurements, were made. Furthermore, chromatography has developed 
rapidly, and consequently many hypotheses are cited as if they were 
experimentally tested facts. It therefore seemed essential to examine 
in detail the form of the isotherm, the nature of the adsorption process, 
the effect of eluents on desorption, etc., before proceeding to a study of 
the various factors operative in columns. 

Experimental and Results. 

Alumina was used as the adsorbent, and copper chloride, prepared from 
equimolar solutions of A.R. CUCO4 and A.R. BaClg, as the adsorbate. 
The Cu was analysed iodometrically, and the Cl potentiometrically, using 
the Volhard method. The alumina was activated by heating for various 
periods at different temperatures to obtain the conditions necessary for 
a reproducible surface. Certain general conclusions were noted — the 
adsorption capacity 
decreased when the 
period of activation 
exceeded i hour ; pre- 
washing, immediately 
before activation, with 
distilled and tap-water 
and I % and 5 % 

H2SO4 gave an in- 
crease in the order 
given, the reproduci- 
bility' being best with 
the first ; the adsorp- 
tion increased with 
activation tempera- 
tures below 480° C.. 
and above this, it 
decreased (Fig, i). 

Concordant results Fig. i. 

were obtained when 

5 g, ALO3, prewashed with 100 ml. d. water, were heated for i hour at 
480° C., cooled over saturated salt/sugar solution, and used immediately. 
On exposure to moist air, the adsorptive capacity decreased (25 % in 3 
days). Ill adsorption experiments, i g. activated AlgOg was swept into 
50 ml. standard Cu solution, maintained at 26*5° C. (average room tempera- 
ture) in a thermostat. The solution was agitated vigorously for 5 minutes, 
the adsorbent allowed to settle over the same period, decanted and analysed. 
Variations of 5 % in the amount adsorbed were obtained and hence no cor- 
rection was made for the simultaneous adsorption of water. 

T3q)ical isotherms are given in Fig. 2, the amount adsorbed being in 
me./i g. AI2O3, and the equilibrium concentration in me. /I, The ad- 
sorption was non-equivalent, that of the cation being in excess by 0*07- 
o*o8 me. for all chlorides, except HCl (0*5 me.), in the higher concentra- 
tions. Isotherms for both cations and anions are reasonably well expressed 
by the Freuiidlich expression and by the equation, g = + ^2 log o 

(Fig. 2), as has been found in similar ionic adsorption systems.^ Chromato- 
grams of inorganic ions are normally eluted by acids ; the effect of varying 
acidity on the Cu” adsorption from solution (initially So me. /I) is given 
in Fig. 3 ; the decrease is expressed by the equation, log Q = — ^^^(H*). 

Similarly, Fig. 4 shows the decrease of Cu” adsorption at constant acidity 
{i.e. corresponding to elution in columns) ; the Cl' ion adsorption shows 
certain abnormalities. 

^ Kolthoff, J.P,C., 1936, 40, 1027. Verwey, Chem. Rev., 1935, 16, 363, 
where a bibliography is given. 
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For use in Part II, and to obtain further information about the nature 
of the adsorption process, the adsorption of other divalent cations in 
presence of the same anion (SO 4") was measured. The amount adsorbed 



from approx, m/io solutions was found to be a good criterion of the ad- 
sorption affinity, “expressed here as xodQ' jC\ where Q' is in me./5 g. AlgOg 
and C' is the initial concentration of adsorbate in me./5o ml. solution. 
Adsorptions were duplicated and the analyses triplicated ; Table I gives 
the results and the method of analysis used. 



FIG. 3. 

Schwab ® concluded that separability was dependent on the Na content 
of the AI2O3 ; “ sodium poor alumina was prepared by his method, the 
product being more compact, the particle size 2-3 times greater and the 
adsorptive capacity one-seventh that of the Merck’s product. Prewashing 
with NaOH of various strengths, followed by activation, caused a linear 
increase of adsorption after a larger initial effect (discussed later) as shown 
in Fig. 5. 
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Fig. 4. 
TABLE I 


Adsorbate. 

C^ 

Q'. 

rooD Q'/C\ 

Cu, volumetric KI and NaoSoOg 

10-00 

5-08 

5*o8 

Cd, potentiometric K4Fe(CNg) 

9-02 

2*75 

30*6 

Zn, as Cd . 

lo-oi 

2-97 

29*6 

Ni, gravimetric, dimethylglyoxiine . 

9 ’ 4 i 

2*77 

28-0 

Co, potentiometric, KCN 

11-02 

2*72 

24-7 

Mn, volumetric, NaBiOg oxidation . 

9-99 

2-44 

24-4 

Mg, gravimetric, oxime . . . 1 

10-30 

2*27 

22-0 

(NH4, volumetric, Kjeldahl 

9*62 

1*07 

ri-r) 
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Disciissioa. 


The results are applied to columns in Part II, but are also of value 
since little work has been done on the adsorption of electrolytes by alumina. & 
Variation in the temperature and period of activation, prewashing, ex- 
posure to moist air after activation, etc., gives different adsorptive capacities 
and emphasises the need of strict control of conditions in chromatographic 
work. The effect of varying temperatures of activation (Fig. i) is not 
specific to ionic adsorption since it has been found with etc., 

as adsorbates. Deactivation on exposure to moist air [cf. «) suggests 
that below 480^ C. activation is mainly effective in desorbing water. 
Similarly, the decrease above 480° C. runs parallel with the decreasing 
water content (cf, The latter can be due to (a) a transformation from 
a chain in which A1 atoms are active, to a closed ring in which they are 
inactive ; ® (6) a desorption of water which was parasitic in a strange 
lattice, rendering it thermodynamically unstable and so more highly 
adsorbing ; (c) the bonding of surface hydroxyl groups above 480° C. 

with elimination of water, the hydroxyl groups being responsible for 
adsorption. The adsorbing centres would be A1 atoms in (a), lattice dis- 
continuities in (h), and hydroxyl groups in (c). The latter is most probable 
and is consistent with the effect of prewashing and with the later discus- 
sion ; thus prewashing effects increased adsorption because it promotes 
hydroxylation in the subsequent activation. The greater effect of tap- 
water (containing Ca(OH)2) and acids is due to an increase in exchange 
capacity (cf, later) . Deactivation by moist air is caused by the adsorption 
of water followed by a slow surface crystallisation involving the elimina- 
tion of centres active in adsorption — ^this is in accord with the effectiveness 
of water as a catalyst, as a result of polarisation, in many solid reactions. 
Similarly, activation exceeding i hour has the same effect, but here it 
is due to surface diffusion at the elevated temperatures. 

The effect of prewashing with NaOH (Fig. 5) is due to the formation 
of aluminate, or ionic adsorption complex, during activation ; these act by 
exchanging Na* ions with cations of the adsorbate. Prewashing with tap- 
water and acids thus give less reproducible results than with distilled water 
since the increased exchange capacity depends fortuitously on the quantity 
of solution adhering to the AlgOg after filtration. If it is assumed that 
the aluminate formation depends directly on the NaOH concentration, 
the linear character of the plot at higher concentrations is brought about 
by the exchange between the sodium ion and a univalent ion, such as 
CuCl* or Cu(OH)*. At the lower concentrations, however, there is an 
abnormally large aluminate iormation due to the greater reactivity of 
the centres of high free energy on the alumina, giving an initial large 
’ exchange, Sieverts and Jungnickel found their alumina to contain 
NajCOg and NaHCOg, which are removable by washing, after which the 
Cu*' adsorption falls. This, however, is probably due to Cu** being initially 
retained as the basic carbonate which, being insoluble, is highly adsorbed. 
Hydrolytic adsorption, or an exchange process involving H* ions is elimin- 
ated, since both lead to an increase of acidity of the solution after ad- 
sorption, because Cu(OH)' must be formed by a reaction of the type : 

Cu- + H2O Cu(OH)- 4- H-. 

Thus with 5 g. AI0O3, using CaClg as adsorbate, the increase of acidity was 
never greate? than corresponding to 0-75 ml. n/ioo NaOH, whereas the 

5 Colloid and Capillary Chemistry , Freundlich (trans. Hatfield), 1926 ; except 
for the adsorption of acids, or merely the cation, no later work has appeared. 

® Krieger, J.A.C.S., 1941, 63, 2712. ’ Milligan, J,P.C,, 1922, 26, 247, , 

^ Brockmann and Schodder, Ber. B, 1941, 74, 73. 

® Alekseevskii, /. Russ. Phys.-Chem, Soc., 1930, 62, 817; A.C.S. Absir,, 
193I1 25, 1138. 

Sieverts and Jungnickel, Per, 1943, 76, 210. 
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non-equivalence of cation and anion adsorption required 40 ml. It thus 
suggests that the univalent complex ion, CuCP is liberated in exchange, 
as has been found in similar systems. Schwab and Issidoridis from 
absorption spectra data, however, find that the position of the bands 
and their absorption coefficients lie between tho^fe of the hydroxides and 
the ions in solution, and agree with the corresponding basic salts — no 
data is given regarding the possibility of univalent complex ions being 
present. 

Analysis of the CaCl2 solution after adsorption by the method of Kolthoif 
and Lingane for Na' ions gave minute traces in accord with the prelim- 
inary spectroscopic analysis of the Na content of the alumina. It was 
possible that Al*** ions were active in exchange due to the formation of 
an internal complex during activation. Analysis of the solution by the 
method of Yoe and Hill,^*» however, gave only 5 % of that required to 
account for the non-equivalence ; this was confirmed spectroscopically. 
At this stage only a few grams AI2O3 remained ; this was therefore sub- 
jected to a detailed spectroscopic examination. Using an improved 
technique which gave a spectrum rich in impurity lines, <^*2 % Na, 
together with less than o-oi % each of Mg, Ca, and Fe, was found. A 
re-examination of the micro-colorimetric method for Na revealed that 
the age of the uranyl acetate solution, no further supplies of which were 
available, prevented quantitative results from being obtained. The 
amount of Na (0-2 %) is sufficient to account for the non-equivalence of 
o-7-O’S me./i g. AlgOg found. Since there is present no other impurity 
in suf&cient quantity, it is highly probable that the Na* ion/cation exchange 
accounts for the excess adsorption of cations. The difference found with 
HCl as adsorbate (0-5 me.) was proved to be due to the production of Al'** 
ions by solution of the oxide in the acid. Furthermore, the approximately 
constant non-equivalence found with all chlorides at higher concentrations 
means that practically all the Na content must be engaged in exchange. 

The adsorption process can be explained by the alumina functioning 
as an amphoteric ionic adsorbent which engages in both H* ion /cation 
and OH'/anion exchange, the non -equivalence being due to Na* ion /cation 
exchange. It would be expected, however, that the CT ion adsorption 
would be the same for all chlorides, and that the Cu** ion adsorption should 
be independent of the anion present, since the alumina is highly polarised 
and any additional inductive effect by adsorption processes ^vould be 
negligible, and consequently the two exchange processes would be sensibly 
independent. Alternatively, the surface of the adsorbent, assumed to 
be partly ionic, preferentially adsorbs one ion which then binds the ion 
of opposite charge by equivalent secondary adsorption,^® the non- 
equivalence being due to Na* ion /cation exchange ; or, molecular adsorp- 
tion of the adsorbate takes place together with additional exchange with 
the Na* ion by the cation. In the latter case, where circumstances permit, 
two surface OH groups will be disposed such that regions of opposite 
charge are adjacent and these attract the polar adsorbate molecule ; 
this is in accord ^vit'h the results of activation and deactivation where OH 
groups were assumed to be the adsorbing centres. There is little dis- 
tinction between these two latter hypotheses, but in each there should be 
a connection between the amount adsorbed and the properties of the 
adsorbate molecule. Table II shows some typical properties and the 
adsorption affinities, based on the total adsorption, which is a good 
measure of the equivalent adsorption since the exchange capacity is 

Jenny and Elgabady, /.P.C., 1943, 47 , 399* 

Schwab and Issidoridis, Z. physik. Chem., B, 1942, 53, i. 

KolthofE and Lingane, J.A.C.S., 1933, 55 , 1871. 

Yoe and Hill, ibid., 1927, 49, 2395. 

Winter, Thrum and Bird, ibid., 1929, 51, 2721. 

Kolthofif, 1936, 40, 1027. 

Cf. Bernal and Megaw, Proc. Roy. Soc., A, 1935, 15 1, 3S4. 
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practically independent of the nature of the cation. There is no connec- 
tion between the solubilities of either the hydroxides, or of the sulphates, 
and the adsorption afhnity, and that which apparently exists with the 
ease of precipitation of the basic salts may be disregarded since the 
parallelism also exists for the four corresponding hydroxides. This 
confirms the absence of hydrolytic adsorption ; furthermore, secondary 
equivalent adsorption is unlikely since the adsorption in general in- 
creases with increasing solubility of the sulphates.^® A parallelism 
does exist between the amount adsorbed and, the ease of ionisation 
(except Ni, Co) and the M.Pt. of the salts, indicating that adsorbability is 
associated with the tendency to covalency, and that the adsorption is 
molecular. Thus CUSO4 (M.Pt. 200° C.) is more highly adsorbed than 
the chloride (M.Pt. 498° C.), as has been found (Fig. 2). 

TABLE II 


Cation. 

Adsorption 

Affinity. 

S.P. of Hydroxide. 

Ease Pptn. 
Basic Salt, 

Solubility 

SO4 

N.Pot, Volts. 

B.Pt.— CI. 

Cu . 

50-8 

1-7 X 10-^® 



0-31 

0-34 

decomp. 

Cd . 

30*5 

2*3 X 10“^* 

— 

0-30 

— 0*40 

969 

Zn . 

29*6 

5*0 X 10-^’ 

Zn 

0*29 

— 0*76 

decomp. 

Ni . 

28*0 

8*7 X 

^ — 

o*i8 

— 0*22 

973 

Co . 

247 , 

1*6 X 10“^® ; 

— 

0-15 

— 0-29 

1049 

Mn . 

24‘4 

1*3 X 10“^* 

Mn 

0*33 

— 1-00 u 

1190 

Mg . 

22-0 

2*3 X 10 

Mg 

0*24 

1*55 

1421 

Ca(Cy 

15-0 

1*0 X I0“* 

Ca 

0*001 

— 1*90 

1600 


The mixed ” isotherms show that the adsorption can be controlled 
by the acidity and no greater efficiency of elution in columns will be 
found above 40 me. /I HCl. Up to moderate concentrations there is 
a displacement effect whereby both adsorbates are less adsorbed when 
together than when alone in solution ; at high concentrations the CT 
ion adsorption is markedly increased, the shape of the isotherm suggesting 
interaction effects between oppositely charged ions. Nevertheless, the 
Frenndlich equation is still applicable to the cation isotherms when both 
adsorbates are present. 


Summary. 

The adsorption of cations and anions from aqueous solutions of 
electrolytes by alumina has been measured. The cation is more strongly 
adsorbed than the anion due to additional cation exchange adsorption. 
This is associated with the presence of sodium aluminate as an impurity, 
and is-' not due to hydrolytic adsorption, nor to an exchange involving 
either the Al*“ or H’ ion. The magnitude of the equivalent adsorption 
runs parallel with the covalent tendency of the adsorbate molecule. 

The authors wish to express thanks to Dr. L. H. Ahrens of the Mineral 
Research Laboratories, Johannesburg, for many spectroscopic analyses, 
and one of us (P. W. M. J.) to the National Research Board of South 
Africa for a Research Scholarship held during the investigation. 

Natal University College, 

University of South Africa, 

Pietermaritzburg, 

Natal, South Africa. 

Fajaus and Erdey-Gruz; Z, fhysiki Chem., A, 1931, 158, 97. 
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PART IL— POSITION, RATE OF ADVANCE AND 
WIDTH OF ADSORBATE ZONES. 

By P. W. M. Jacobs and F. C. Tompkins. 

Received June, 1944. As amended 2Sth February, 1945. 

The practical applications of chromatography are still largely empirical, 
because systematic quantitative data, from which the best conditions for 
a given process might be deduced, are lacking ; similarly, its extension 
to quantitative determinations depends on a knowledge of various factors 
which are, as yet, understood in qualitative terms only, A few measure- 
ments by Cassidy/ and more complete studies by Weil-Malherbe ^ and 
Tiselius » represent the only work of this nature. Le Rosen * has noted 
a parallelism between rate of advance and position of band on the column, 
and Schwab et, alia ® reported some semi-quantitative work chiefly on the 
relative position of cations and anions on alumina columns. The purpose 
here has been to provide quantitative measurements for use in inorganic 
chromatography, which can be incorporated with the results of Part I.® 

Experimental. 

The sample of Merck's alumina and the conditions of activation were 
the same as previously described.® Columns were prepared in tubes, 
II mm. diameter, graduated in mm. Those obtained using dry alumina 
by various methods were, rejected because of uneven band formation. 
Finally, 20 g. alumina were added to 50 ml. water at 90° C., vigorously 
agitated and the suspension poured into the tube under 10 cm. Hg. suction. 
The velocity of flow of solutions through the columns were obtained by 
a method similar to that used by Le Rosen. The rates of advance of the 
leading (front) and of the trailing (rear) edge of the band were recorded 
by noting the position, at definite times, at six different points round the 
tube, and taking the average. 

Results and Discussion.* 

The velocity, was found to depend directly on P, inversely as s, 
and to be approximately independent of the diameter of the column 
(cf. Le Rosen). With columns, initially filled, was constant within 
one minute of emergence of the solution. Values for four consecutively 

^ Cassidy, J.A.CF., 1940, 62, 3076. Cassidy and Wood, ibid., 1941, 63, 2628. 

® Weil-Malherbe, J.C.S., 1943, 303. 

® Tiselius, Science, 1941, 94, 145 ; Adv. in Coll, Science, vol. i, 1941. 

*Le Rosen, J.A.C.S., 1942, 64, 1905. 

® Schwab, V,, Part I, ref. 2. 

® Jacobs and Tompkins, preceding paper, 

* The following symbols are employed {cf. ®). 

M — mass alumina per unit length in g., 

5 = length of column in cm., 
a = interstitial volume per unit length column, 

AT = distance of any point from top of column {x = o), 

P = pressure difference at ends of column in cm. Hg., 

V = volume in ml. solution poured through column initially full, after time t 
from i = 0 ; i.e. volume passing any point in column after t = o, and is 
thus a measure of time, \Footnoie continued overleaf. 
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prepared and apparexitly identical columns, for coastant P, were 2-45, 
2-66, 2-65 and 2*50, showing that constant packing was obtained ; when 
diverged largely from 2-50. the column was rejected. Standardisation 

is essential since the den- 
sity of packing afects 
width and concentration 
of bands and also their 
rate of advance. 

Copper bands, formed 
from 3 ml. CuClg (75 
me /I.) were 'developed 
with HCl of strengths, 
4-20 me /I. Using various 
values of (by altering 
P), both and were 
found to be proportional 
to Vc over a limited 
range. The position of 
Fig, I. the front edge at various 

times is shown in Fig. i ; 
7 a was doubled at 80 min. and reduced to the original value at 120 min. 
The high values of are always obtained initially before the constant 
rate is attained ; afterwards, quickly responds to changes in 7 ^. With 
columns of the same value 7 ° value, 7 ^ increases with HCl concentration 

(C), according to : 1/7^ = — /eC^ + K, - as shown in Table I. Since for 
strong electrolytes, 

(n,/no — i) = AC^, 

TABLE I. 



Co(H*)me./l, 

ACh 

yc 

mm./min. 

I/P'.. 

1 

ifVf . calc, from 
i/Fc = o-o 4 
— 4-35i4C^. 

5*0 

0*0448 

4'7 i 

0-212 

0-205 

7-5 

0-0548 

6-05 

0-165 

0-162 

10*0 

0*0632 

8-:5 

0-123 

0-125 

12*5 

0-0709 

lO-O 1 

o-ioo 

0-092 

15*0 

0*0774 

i6-2 

0*062 

0-062 


where A = 0*002 for HCl, and and nQ are the viscosities of HCl and 
water respectively, is an inverse function of Hc- The rate of advance 
of bands, which depends on will thus be affected by merely by changes 
of viscosity. The relative rate P should thus replace r, as first suggested 

Q = amount of solute adsorbed per unit length column in milliequivalents 
(me), where 0 = 0(7, ;v), or 0(j5, x), 

Cq = initial concentration in me. /I. of solute in solution, 

c — concentration of solution at point, and time, t, where c = c(V, x), or 

c{t, x), 

C = initial concentration of developing solution, 

/= adsorption isotherm of solute on alumina, where fic), and thus 

7p = constant rate of fiow in mm. /min. of water down packed column, 

7(j =: rate of flow of developing solution down packed column, in mm. /min., 
r = rate of advance of edges of adsorbate 2one in mm. /min., where r-^ refers 
to the leading, and to the trailing edge, 

J? ralaHve rate of advance of edges, or r/7, (Pj., P, as for r). 



P. W. M. JACOBS AND F. C. TOMPKINS 


397 


by Le Kosen, but not experimentally justified. In practice, r varies directly 
as Vc over a narrow range only ; it is thus better to adjust P to obtain 
approximate constancy of Ve, and then to use R to eliminate the smaller 
di&rences. 

Experimental conditions corresponding to those demanded theoretic- 
ally ® are obtained more precisely in formation of bands. Various 

initial concentration of t- a tst tt 

CuCla (co) were added TABLl^. ii. 

continuously, and Vj, 
measured. Table II 
gives the value of Q 
in equilibrium with 
and shows that 


Co(CuCl2) 

me./i. 

mm, /min. 

Q 

me./i g. AlgOs. 

RiQfoo X io». 

10 

0-0146 

0-66 

0-96 

25 

0-0356 

0-72 

r-o2 

50 

o-o6o 

0-87 

0-97 

100 

o-iog 

0-90 

o-gS 

150 

0-150 

0-99 

0-99 

200 

o-igo 

1-05 

i-oo 


^o/0(d^/d^)eo is a con- 
stant. The differen- 
tial equation {cf, ’) 
may be \vritten, {dc/ 

= - (dQ/dF),, 
since experimentally 
(dc/dF)a, = o. Since c is c(F, x), this may be transformed to {dVfdx)^ 
= [dQ/dc)^, For the Cu^/AlaO 3 system, Q = or xlQ{dQfdc) — i/nc, 
then Co/Q{dxJdV)c^^ or is a constant, as found experimentally. 

The rate of advance is thus directly proportional to n, and inversely as 
The conclusion should be true of all cations studied in Part I, since 
the Freundlich equation was found applicable. The method of develop- 
ment of bands with appropriate reagents was rejected since the band was 
widened. Consequently, the volume of m/io solution poured through 
columns of equal length before the solute was detectable with the reagent 
in the filtrate, was determined. Table III gives the method of detection. 


TABLE III. 


Cation. 

Ads. Affinity. 

Width f 
10 ml. m/ic 

Cu 

50-8 

2-30 

Cd 

30-6 

3-88 

Zn 

29-6 

3-60 

Ni 

28*0 

4*00 

€0 

24-7 . 

3‘S5 

Mn 

24-4 

4-86 

Mg 

22*0 

5*83 


WcolQ. 

Method of Detection. 

II7 

Acid KI and starch 

II9 

Sodium sulphide 

lOI 

K3Fe(CN)6 

no 

Bimethylglyoxime 

95 

a Nitroso ^ naphthol 

118 

Neutral KMnOi 

128 

Magneson 


the adsorption affinity, and the width of band corresponding to 10 ml. 
m/io solution ; the conclusion is confirmed. 

The acidity of solution largely effects the amounts adsorbed ; R, should 
therefore vary with HCl concentration of the developing solution. Bands 
formed from 3 ml. CuClg (75 me. /I.) were first washed with water — this 
caused no movement, except that the leading edge was slightly advanced 
due to wnshing through CuClj solution lodged in the interstices. Schwab 
seems to have confused this with development, which here was effected 
with HCl (5-20 me. /I.) and yj,, and measured, and and Ri cal- 
culated. These latter were initially high ; the former falls slowly, but 
the latter quickly, to their constant values. In presence of acid, the 
amount adsorbed decreases and the band widens, thereby accounting for 
the high initial value of Rj^. The acid emerging from the Cu** band has 

’ Wilson, J.A.C.S,, 1940, 62, 1583. 

^ De Vault, ibid., 1943, 65, 532. 
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a concentration less than C initially because it is highly adsorbed ; with 
continual addition C is slowly attained. During this period, the ad- 
sorption of Cu** is decreased, the band therefore widens thereby giving a 
high value of Rj,. The greater th.e value of C, the higher is that initially 
of and the longer is the period before a constant rate is obtained. 

Quantitative relationships be- 
tween Q and R will thus be 
more exactly observed at the 
trailing edge where such com- 
plications are for the most part 
absent. Fig- 2 shows that log 
varies directly with the H* con- 
centration, i.e., 

log Ri=-k' + k" (H‘). 

Combining this with the relation- 
ship found previously/ 

log 6 =ka - As(H'), 

then, log QRt = K, where K is 
a constant. The rate of advance 
thus varies inversely as the amount adsorbed. It must be noted that the 
line of denaarcation between the rear edge of the coloured band and the 
white adsorbent appears to be quite sharp ow the column, although the 
concentration distribution of the solute in solution for a Freundlich iso- 
therm extends asymptotically to the top of the column. Furthermore, the 
adsorptive capacity of the alumina at the edge is controlled largely by the 
initial H* concentration of the HCl, and this determines to a large extent 
the average value of Q here. Writing the differential equation in the 
form, (d^/d.ar)^/(dc/dF)a, 4- a = — (d0/dc)a,, and transforming by a similar 
treatment to that given above, then ~ K^/Rt 4- a = — (dQ/dc)a., where 
K' is a constant- But log Q == ka — h (H*), or dQ/dU = — ki,Q. There- 
fore, since we may write approximately, dQ/dH = (dQ/dc)^,, then 
K/Ri 4- a = kbQ, as found experimentally. * 

There is little verifica- 
tion, and none for cations, 
that the relative position 
of solutes depends on their 
adsorbability. The list of 
Schwab must be accepted 
with reserve because both, 
the acidity and the anion 
were varied in the different 
groups, and these two 
factors largely influence 
cation adsorption/ Here 
M/io sulphates in neutral 
solution were employed, 
using his method ; Table 
HI summarises the results. 

The order may vary with 
concentration, the values 
of Q are therefore given 
for M/io solutions. The 
general agreement with his ji'iG. 3. ' 

list suggests that the 

relative order is not aflected by the acidity nor by the nature of the anion, 
^ Weiss, ^943, 297. 
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providing that these are the same in the comparative experiments. No 
clear separation on formation and subsequent washing with water was 
obtained using mixed cation solutions. The results of Schwab, using 
this method in the quantitative analysis of ores, must therefore appear 
fortuitous. 

The data obtained here on the width and rate of advance of Cu and Ni 
bands indicate that these should be separable on development with HCl, 
A Cu/Ni band, i cm. width, was developed with HCl. (5 me. /I.) — ^the band 
widened to 2 cm. fairly quickly due to the reduction of the adsorptive 
capacity of the alumina by half in this acidity. Assuming separa- 
tion to be visible when the bands have 0*2 cm. between them, the Ni 
band must move o*6 cm. relative to the Cu band (cf. Fig. 3). In one 


TABLE IV. 


Relative order here 

Cu 

Cd 

Zn 

Ni 

Co 

Mn 

Mg 

Ads. affinity 

50*S 

30*6 

29*6 

28*0 

24*7 

24-4 

22'0 

Method of detec- 

— 

Na,S 

K3Fe(CN)3 

— 

KMn04 

— 

Titan 

tion 






yellow 

Schwab’s order . 

Cu 

Zn 

Co 

1 

Ni 

Cd 

Mn 



experiment, r(Cu) was 0*15 mm. /min. and f'(Ni) was 0*22, If the trailing 
Ni edge remains reasonably sharp, separation should be obtained in 
90 min. The value of V^. here was 6 when transformed to ml. /min. ; thus 
about 500 mi. acid is required and the leading Ni edge would move through 
2 cm. Actually, the edge was advanced 6 cm. without obtaining a white 
intermediate zone, due mainly to the spreading of the trailing edge. A 
more serious discordance is that the calculated value of is about half 
that found experimentally. This is emphasised in Table II where it may 
be shown that the constant value of approximate unity corresponds to 
the exponent x/n in the Freundlich equation, whereas the experimental 
value is 0-39. The reason for this is at the moment obscure. 

Nevertheless, the present results and those of Part I provide explana- 
tions of many of Schwab^s observations. Using different absolute, but 
the same relative, concentrations of Cn and Co, he found the specific 
length, ratio of bands to be approximately constant. Since both cations 
obey the Freundlich equation, then, as before, wjw^ = 
or ~ where and are the widths of the 

bands. Since and are about the same magnitude, 

The ratio will thus be the same for different absolute but the same relative 
concentrations. If the latter is varied, this is no longer true, although 
a very approximate constancy is possible since i jn is fairly small ; thus 
Schwab found the length per g. atom to vary between i and i'48. It 
must be noted that the width of band is never proportional to Cq ; this 
fact, together with incomplete separability, absence of sharp edges, etc,, 
considerably limits the application to quantitative estimations. Again 
a ' double Cu zone ' obtained by him using a CuS04/Cu(NO3)o solution 
and the change in width of bands when a CuSOi/NiSO^ was replaced by 
an equivalent CuS04/Cu(N03)2 solution, do not require a complicated 
theory involving double aluminate formation. The adsorption of Cu** 
is greater from a sulphate solution than from an equivalent nitrate solu- 
tion ; a band of smaller width and deeper colour results. With both 
anions present, there will be a narrow, deeply coloured ‘ sulphate ' zone 
at the top of the. column, followed by a wider, less densely coloured ' nitrate " 
band. Similarly, the bands, particularly that of Ni, will be wider in the 
CuS04/Ni(N03)3 than in the CuSOi/NiSOi solution. This stresses the 
necessity of using the same anion both in the solution under analysis and 
in the developing solution, particularly in semi-quantitative estimations. 

Schwab further reports that sharper zones are formed on sodiiuii-rich 
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alumina ; from his diagram, it is clear that the bands are narrower, more 
deeply coloured and their rate of advance is much slower. Now pre- 
treatment \vith NaOH effects increased adsorptive capacity, e.g. fourfold 
using n/io NaOH ; thus the band on sodium poor alumina will be four 
times wider and move four times more quickly. Schwab reports a fivefold 
change. The effect is thus a consequence of an increased adsorptive capa- 
city, and is anticipated even when the increase is not due to a larger 
exchange capacity. 

White zones between coloured bands were never obtained here or by 
Schwab when mixed cation solutions were used. This may be due to the 
complicating influence of simultaneous anion adsorption ; to the inability 
of any one cation (except H*) to replace to any large extent another cation 
already adsorbed ; or to the adsorption being both exchange and mole- 
cular. Replacement of one cation by another would be expected to lead 
to clearer separations ; an adsorbent functioning purely as a cation 
exchanger might therefore be more effective in inorganic chromatography. 
This is being investigated. 


Summary. 

The relation of widths of bands of some cations on alumina columns, 
the rate of advanced when developed with HCl, and the relative positions 
have been studied and related to the results of Part I. The possible 
extension to quantitative estimations has been examined, and various 
observations of Schwab have been given alternative explanations. 

One of the authors (P. J. M. J.) wishes to express thanks to the National 
Research Council and Board of South Africa for a Research Scholarship 
held during the investigation. 

Natal University College, 

University of South Africa, 

Natal, South Africa, 


INORGANIC CHROMATOGRAPHY. 

PART III.— ELUTION CURVES. 

By P. W. M. Jacobs and F, C. Tompkins. 

Received 5th June; 1944. As amended 2d>th February, 1945. 

In Part II, the width and rate of advance of Cu bands were determined 
on an alumina column. The accuracy of the method was not high, but 
it showed that the differential equation describing the process was generally 
adequate. More precise information can be obtained from the concentra- 
tion distribution of the adsorbate in the flowing solution. Since the iso- 
therm for the system used is known, ^ the distribution of the adsorbed 
material on the adsorbent can be calculated. In addition, the volume of 
eluent used in advancing the band through a given distance provides a 
measure of its rate of movement. The method has been tentatively 
examined by Cassidy,^ and developed by Weil-Malherbe ® in a paper which 
appeared near the completion of this work. The purpose of this paper 
has been to extend and co-ordinate the data of Part II, and to test the 
validity of the differential equation when applied to a typical inorganic 
system. 

^ Jacobs and Tompkins, Part I. 

2 Cassidy, J.A.C.S.. 1940, 62, 3076 and 1941, 63, 2628. 

^Weil-Malherbe, J.C.S., 1943, 303. 
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Experimental. — The sample of Merck's alumina, the conditions of 
activation, and the preparation of the columns were the same as pre- 
viously described. * The diameter of the tube was increased to 2*45 cm. 
and the rate of filtration to 20 ml. /min. Aliquots were titrated iodometric- 
ally with n/ioo thiosulphate. 

Results and Discussion. 

The terminology used, additional to that of Part II, is the same as 
that of Weil-Malherbe, but his term, adsorptive, has been changed to the 
usual one, adsorbate. 

The elution curves are 
classified as differential 
and integral, depend- 
ing on whether they 
refer to the amount 
of adsorbate in succes- 
sive aliquots, or to the 
amount in the total 
eluate volume. 

Formation. — ^The 
formation of bands cor- 
responds more precisely 
to the theoretical demands ; particularly, the reversibility of adsorption 
is not involved. Copper bands were formed from neutral CUSO4 solution 
(cq = 100 me /I.), and the threshold volume Vt determined. Subsequently, 
3 ml. aliquots were collected successively for analysis until Cq was attained. 
The values of Vt so obtained were slightly uncertain because deviations 
from ideality in the column caused them to be low ; those given in Table I 

have been ob- 
tained therefore 
by extrapolation 
of the integral 
curves, which are 
initially linear, 
and show that 
Vt varies linearly 
with the weight 
of adsorbent, or 
length of column, 
in agreement 
with the conclu- 
sion of Part II. 
This is consistent 
with the Weiss 
solution for 
Freundlich iso- 
therms, s despite 
the fact that the 
slope of the lead- 
ing edge decreases with increasing advance of the band. In Fig. i, the 
concentration distribution in solution at the front part of the band after 
being advanced 3 cm., together with the corresponding distribution of 
adsorbed matter on the alumina (calculated from the former and the 
isotherm) are plotted against the total volume of eluate. The edge of the 
adsorbed band is reasonably sharp and its position, judged visually as 
in Part II, must always be practically coincident with the Vt value— 
thus the two methods will yield the same conclusion. 

^ Jacobs and Tompkins, Part II. ^ 



TABLE I. 


Mass AI 2 O 3 in g. {M). 

K,(ml,). 

VjM. 

2 

7.7 1 

3-85 

4 

14-8 

370 

7-5 

28-0 

370 

12-5 

48-0 

3-84 

15'0 

567 

378 


Weiss, J.C,S., 1943, 297. 
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Development*— Sulphuric acid (20 me /I.) was used, because in. this< 
acidity the isotherm is linear up to a Cu concentration of 60 me /I. when 
the saturated value was attained. The volume of aliquots collected was 
increased to 15 ml. since the rate of advance was about i/ioth that on 
formation. 



Fig. 2. 



Fig. 3. 


Variation of Length of Column. — ^The band was formed from 10 ml., 
neutral CUSO4 {cq = 100 me /I.) and the weight of adsorbent varied ; 
both and the eluate concentrations were measured. Typical differential 
and integral plots are given in Figs. 2 and 3. The amount desorbed was 
always less than that used in formation, the amount remaining varied 
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directly as the weight of the adsorbent for the same strength of eluting 
■acid. The lack of sharpness which becomes more marked on development 
is not solely occasioned by the retention of adsorbate by the column since 
the band widens considerably. The tail of the band has a concavity 
opposite to that of the head and becomes broad and diffuse in the longer 
■columns. This is in accord with the predictions of a Freundlich isotherm, 
but contrary to that expected when the isotherm is, as here, linear. The 
term, “ width of band '' used to describe the appearance on the adsorbent 
has little significance and can only be measured by the difference Vf — 
where Vf is the volume of filtrate collected after which no adsorbate is 
detected. The maximum concentration in the eluate decreases with 
length of column, the decrease being greater than can be accounted for by 
loss by retention on the column. 

The integral plots are sigmoid with a short initial part of low gradient, 
-a steep almost linear central portion and a flat tail, the length of which 
increases with increasing Vf, The values of Vf were obtained from these 
plots using the method of Weil-Malherbe ; they vary directly as the 
weight of adsorbent 
<Fig, 4), in accord 
with theory for both 
Freundlich and 
linear isotherms. 

Variation of Cq. — 

Using 10 g. alumina 
(length 2*45 cm.), 

= 10 ml., and 
sulphuric acid of 
:strength 20 me/L, 
the initial concen- 
tration of CUSO4 
was varied in for- 
mation. The width 
of band increased 
with Cq, such that 
log (width) /log Cq 
was a straight line 
■of slope 0*95. Since 
the exponent xjn in the Freundlich equation is here 0*19/ the theoretical 
value of the slope should be o-8i.* The higher value is due to the fact that 
the band width is measured after addition of water which clears Cu solution 
out of the interstices. Now the amount of Cu adsorbed in concentrations 
greater than 25 me . Cu/1 is almost constant, consequently the concentra- 
tion of adsorbate in the pores is greater as is increased. The solution 
which is driven out of the interstices is adsorbed at the leading edge and 
the band is widened by an amount approximately proportional to Cq, 
The log. plot above will thus be still linear but of Ifigher slope than ex- 
pected theoretically. The values of Vf, Vf and thus of Vf — Vf are 
independent of in agreement with the solution for a linear isotherm, which 
predicts a band of constant width moving with a constant velocity. There 
is, however, an anomaly here. The values of Vf do not measure the rate 
-of advance since the leading edges after formation are at varying distances 
down the column. A band formed at high Cq has a smaller distance to 
travel before the leading edge reaches the bottom of the column, and thus 
apparently moves more slowly than that of a narrower band formed at 
low Cq. This result conflicts with the theoretical predictions. The value 
of Vf is, however, the same for all bands, but is considerably higher than 
that expected for a linear isotherm, i.e. 'iV t or 470 ml. The maximum 
■concentration eluted (C„J is not proportional to as required for a linear 
isotherm, but obeys the equation, log = A log 4- constant [Op. 
Table II). ^ 
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TABLE II. 



Vtixnl ). 

j£'(cin.). 

rf(cm,). 1 


Vtid . 

5 

235 

0*45 

2*00 

695 

I18 

7’5 

201 

o*So 

1-65 

701 

122 

15 

124 

1*40 

1-05 

724 

II8 

20 

59 

1-93 

0-52 

689 

II 2 

25 

0 

2*45 

0-00 

705 

' 


In the above, w is the width of band on formation and d is the distance from its 
leading edge to the bottom of the column. 


Variation of Oo- — Using Cq = loo me/L, was varied, with all other 
conditions as in the previous series. Since Rj^/Q Cq must be constant,^ 
the width of band increases with ; this is found experimentally. The 
distance of advance of the leading edge increases therefore as Vq decreases ; 
here Vt is linearly related to this distance and the rate of advance is thus, 
a constant independent of Vq, as expected of a system with a linear isotherm. 
The anomaly reported in the Cq series is not api!>arent here although the 
only difference is the manner of varying the initial amount of adsorbate 
used in formation. Similarly, Vf is independent of and the plot of 
log CrrJlog Vq is linear (Cp. Table III). 

TABLE III. 






t£'(cm.). 

1 ! 


- TT- 

25 

230 

0-25 

2*20 

1 

584 ' 

354 

40 

230 

0-40 

2*05 

609 

379 

50 

• 220 

0-50 

1-95 ! 

582 

362 

60 

240 

0*65 

i*8o 

592 

352 

75 

220 

0*85 

i‘6o 

1 

592 ! 

i 

370 


Variation of pH of Elution Solution. — Using a column of lo g. alumina,, 
Vq ^ lo ml. and Cq — loo me/1., the band was developed with varying 
strengths of H2SO4 solution. The percentage eluted increased with de- 
creasing pK such that the logarithm of the amount retained was a linear 
function of the H* ion concentration (Fig. 5), thereby confirming the static 
measurements of Part I. Similarly the rate of advance of the trailing 
edges, measured in terms of Vf, is proportional to this concentration 
(Cp. Part II). Combining these, log Q/Vf is a constant, which may be 
approximately predicted theoretically (Cp. Part II). On the other hand, 
Vt varies inversely as the acidity ; this, however, may be fortuitous since 
reasons have been given ^ showing that little correlation of Vt and pR can 
be expected in short columns. 

General, — The present system does not conform well to the ideal 
conditions required for the validity of the differential equation, and the 
correlation which does exist is for the most part with respect to the rate 
of advance of the leading edge as reflected in the Vt values. In particular, 
the concentration distribution in the “ tail,’' which should possess a sharp 
edge for a linear isotherm, is largely different. This departure is linked 
with the irreversible nature of the adsorption processes, and probably with 
the simultaneous adsorption of anions. Work in progress using columns 
of zeolitic materials also suggests that the broadening of the tail is in part 
due to the slow rate of exchange between the Na ion present as impurities 
on the alumina and cations in solution. It is clear that alumina is un- 



suitable as an adsorbent for inorganic chromatograpliy, particularly for 
semi-quantitative work since the irreversibility and other factors emphasise 
the loss of sharpness at both edges during devMopment and renders measure- 
ments of widths of bands of no great value. Similarly, the separability 



of cations becomes more difficult, if not impossible. The practical ap- 
plications of the present results, e,g. to determine the eluant power the 
minimum length of column for full development, etc., need not be elabor- 
ated since they have been fully considered by Weil-Malherbe. 

Summary. 

Differential and integral concentration distributions of Cu ions in 
solution have been obtained in a chromatographic study of the formation 
and development of bands on alumina columns. The variation of initial 
concentration and volume of CuSO^ solutions, of length of column and 
pn of eluting solutions have been investigated and the results confirm 
and extend the conclusions of Part I and II. Alumina is shown to be 
unsuitable as an adsorbent both from the view of separability of cations 
and of quantitative applications. 

One of the authors (P. W. M. J.) wishes to express his thanks to the 
National Research Council and Board of South Africa for a Research 
Scholarship. 

Natal University College, 

University of South Africa, 

Pietermaritzburg, Natal, S. Africa. 



THE FORM OF CATALYST POISONING CURVES. 

By E. B. Maxtbd. 

Received ^th March, 1945. 

If the activity of a metallic catalyst, in for instance a hydrogenation 
ayvStem containing a poison, is plotted against the amount of poison 
present, a graph is obtained in which the activity of the catalyst usually 
first fails linearly or approximately linearly with increasing poison con- 
tent, This relationship persists in many cases up to a stage of poisoning 
at which the greater part of the activity of the catalyst has been sup- 
pressed. It is then followed by an inflexion in the graph, after which 
the activity of the catalyst falls far less steeply with further increase in 
the poison content. Graphs of this form have been obtained experimentally 
by the author and his co-workers ^ for many cases of catalytic hydrogena- 
tion and for other reactions ; and this linear variation in activity over at 
any rate the main part of the poisoning graph has been regarded as 
suggesting a uniform effective activity of all the catalysing or adsorbing 
points involved np to the advanced stage of poisoning corresponding 
with the region of inflexion : for it is otherwise difficult to see why the 
progressive suppression of the catalytic activity of point after points — ^by 
occnpation by the poison — ^should lead to an equal diminution in the 
catalytic activity. There has, however, hitherto been a difficulty, in 
view of the occurrence of the bend in the graph, in extending this simple 
conception of surface uniformity to the adsorbing or catalysing elements 
involved in stages after the inflexion ; and it was apparently necessary 
to assume the coming into action of secondary catalysing or adsorbing 
points of lesser activity, represented by less active surface elements or 
by lower (non-surface) layers in the catalyst lattice or even by adsorption 
or catalysis on or through an already adsorbed layer. 

In a recent paper, ^ Herington and Rideal have made an important 
contribution to the theory of homogeneous catalysing surfaces, in that 
they have shown, by calculations based on random adsorption on a model 
lattice, that also the latter part (after the region of inflexion) of the poison- 
ing graph for reactions such as catalytic hydrogenation can be accounted 
for without the necessity for assuming the coming into action of a second 
type of catalysing points. An essential basis in these calculations is the 
reasonable assumption that, if the poison or the substance hydrogenated 
is of a size greater than a single atom, each of these will require a set of 
adjacent surface elements, rather than a single surface element, for its 
accommodation. It is shown by Herington and Rideal that the factor 
introduced by the gradual disappearance, as the concentration of poison 
on the surface is increased, of unoccupied sites containing sufficiently 
large sets of adjacent surface elements to accommpdate such molecules 
of poisons or reactants should, according to the conditions of the ad- 
sorption, either lead to a very nearly linear fall in the activity up to a certain 
degree of poisoning (this stage being followed by a rather sharp curvature) 
or, alternatively, the whole poisoning graph should be curved, the curva- 
ture being increased with an increase in the point-order of the adsorption, 
i.e. in the number of adjacent adsorbing points required for each molecule 
of poison or of reactant. 

iMaxted, J. Chem. Soc., 1921, 119, 225^; 1922, 121, 1760; Maxted and 
Evans, ibid., 1938, 2071, and other papers. 

^.Herington and Rideal, Trans. Faraday Soc., 1944, 40, 505. 
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The first of these types of theoretical poisoning curve reproduces 
substantially the experimental poisoning graphs which have been ob- 
served by the author and his collaborators. In the expermental curves, 
the rather sudden deviation from the initial, approximately linear course 
has usually but not always, from its apparent sharpness, been drawn in 
graphs as a point rather than as a region of inflexion ; but, as Herington 
and Rideal indicate in the 7-site curve in Fig. 3 of their paper, the exact 
course at the turn can only be followed if a large number of accurately 
determined points in the relatively short inflexion region are available ; 
and, on the considered evidence of many measurements, it appears prob- 
able also to the author that the inflexion in the experimental graphs 


takes place over a region 
rather than at a point. 

In view of the calcu- 
lated possibility — especi- 
ally vnth large poisons 
or large reactants — of 
the occurrence of poison- 
ing graphs showing ap- 
preciable curvature from 
the start, it has been 
considered of interest to 
re-examine, in the first 
instance, the poisoning 
graphs given by large 
poisons. The present 
paper deals with the 
poisoning of platinum 
catalysts by thiophen 
and by j3-thionaphthol 
for the hydrogenation of 
crotonic acid, these new 
measurements being 
carried out under con- 
ditions of the greatest 
possible precision. With 
both of these poisons, no 
appreciable curvature in 
the first part of the graph 
could be detected, sub- 
stantially linear graphs 
up to the inflexion region 
being obtained in con- 
formity with earlier experimental results and with the above-mentioned 
theoretical type of Herington and Rideal. 
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Experimental. 

The measurements of the activity of the catalyst at various stages 
of poisoning were made in a hydrogenation shaker at 27°. The charge 
consisted of 0-075 g. of stock platinum catalyst, 5 c.c, of 2N.-crotonic acid 
in acetic acid solution and a further 5 c.c. of solvent, containing a known 
weight of the poison and made up of 3 c.c. of acetic acid and 2 c.c. of water. 
This inclusion of some water in the standard charge had been adopted in 
earlier work to permit the examination also of water-soluble poisons and 
was continued in the present measurements although the poisons were 
soluble in acetic acid. 

In order to obtain accurate figures for the activity of the catalyst, it 
is necessary not only to adopt carefully controlled conditions of shaking 
but also to employ a catalyst which is affected as little as possible by 
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FORM OF CATALYST POISONING CURVES 


complications such as coagulation and which consequently maintains a 
constant activity throughout a run. Two stocks of platinum possessing 
these necessary properties were available. The first of these (Platinum I) 
consisted of an unsupported formate-reduced platinum which had pre- 
viously been graded to a medium and approximately uniform grain size' 
by the fractional sedimentation of its water suspension. This was con- 
sidered to be the best available catalyst ; and it was accordingly used 
for the poisoning work with thionaphthol, winch is the larger of the two 
poisons examined and which would consequently be more likely to lead 
to a curved poisoning graph. This platinum gave almost pure zero-order 
hydrogenation runs. The second catalyst (Platinum II) was made by 
reducing, with hydrogen, kieselguhr-supported platinum chloride in 
glycerine suspension, followed by thorough washing with water. This 
supported catalyst contained about 20 per cent, of platinum. 
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Poisoning with ^-Thionaphtliol. — Some hydrogenation runs with this 
poison, in the presence of 0-075 g. of Platinum I, are given in Fig. r in order 
to show the close conformity to a zero-order reaction course. Uniform 
shaking conditions, including the necessary preliminary dispersion of the 
finely divided catalyst, were usually established after about a minute from 
the time of switching on the shaking motor; and the hydrogenation rate 
then remained steady. From the slope of these lines for various con- 
centrations of the poison, the corresponding activity of the catalyst can 
be obtained in the usual way. Fig. 2 is the graph derived by plotting these 
activities against the amount of poison present. 

Poisoning with Thiophen. — ^The course of the hydrogenation runs 
with the catalyst (Platinum II) used for this poison was nearly of zero 
order but not so uniformly linear as in the runs with Platinum I (see Fig. i) ; 
and, in order to obtain an accurate figure for the activity of the catalyst, 
it was necessary in the hydrogenation runs to correct for a small amount 
of curvature by differentiation lor the rate of absorption of hydrogen at 
zero time, this rate being taken as representing the activity of the catalyst 
,in the presence of the amount of poison contained in the charge. The 
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result of plotting these activities against the corresponding poison content 
is given in Fig. 3 . 


Fig. 


3 - 



Discussion. 

The above work appears to confirm earlier results that, even with large 
poisons, the form of poisoning graphs in catalytic hydrogenation is suf- 
ficiently linear up to the region of inflexion to make practicable the com- 
parison of the toxicities of different poisons by the use of a simple relation- 
ship of the type : = ko {i — ac), in which Aq is the unpoisoned activity 

of the catalyst, kc is its activity in the presence of a concentration, c, of 
the poison, and a is the poisoning coefficient ® (which is a measure of the 
toxicity) . 

This type of curve agrees well, as has already been mentioned, with 
one of the forms of poisoning graphs derived theoretically in Heringtou 
and RideaFs calculations for polypoint adsorption. In amplification of 
the treatment by these authors, it may perhaps be added that the ad- 
sorption of a large molecule, containing both an inherently toxic element, 
such as sulphur, and a non-toxic residue, must in all probability he treated 
3s a special case of adsorption by virtue of the relatively long adsorbed 
life of the sulphur atom compared Avith that of the normally non-toxic 
remainder of the molecule. Thus, in the adsorption of, for instance, a 
long-chain sulphide or thiol, the molecule will be attached, as far as long- 
life adsorption is concerned, only by the sulphur head, the remainder of 
the molecule — save that it is maintained by its sulphur anchor within 
a close range of the surface — ^having a series of short adsorbed periods, 
separated by re-evaporation, dui'ing the relatively long adsorbed life of 
its anchor atom. This enforced propinquity of the molecule as a whole 
to the surface will cause its non-toxic portion to act obstructively to 
some extent * both during its periods of actual occupation of surface and, 
•even during its non-adsorbed periods, by collision effects with impinging 

^ Maxted and Stone, /. Chem, Soc., 1934, ^72* 

Maxted and Evans, ibid., 1937, 1004. 
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molecules of the reactants. Similar considerations will apply to thio- 
naphthol and to thiophen. 

Finally, as has also been mentioned by Herington and Rideal, a static 
survey of what sets of sites, containing sufhcient adjacent adsorbing ele- 
ments for the accommodation of large molecules, remain available, should 
contain a correction for the continuous change of occupation of individual 
sites, by evaporation and re-adsorption, even in the case of poisons. 

Summary. 

The form of poisoning graphs, particularly for large poisons, in cata- 
lytic hydrogenation with platinum has been re-examined. No appreciable 
curvature in the first part of the graph, prior to the region of inflexion, 
could be detected with jS-thionaphthol ; and a similar poisoning graph 
was given by thiophen. The observed form corresponds wdth a type of 
poisoning graph recently deduced theoretically by Herington and Rideal. 

Department of Chemistry, 

University of Bristol. 


THE DYEING OF CELLULOSE WITH DIRECT 
DYES. PART L A REVIEW OF THE 
LITERATURE. 

By H. Alan Standing. 

{The British Cotton Industry Research Association.) 

1. Introduction. 

The synthesis of Congo Red in 1884 led to the development of a class 
of dyestuffs directly substantive to cotton, which became known as the 
Direct Cotton Dyestuffs'’; these dyes were mainly the sodium salts 
of the sulphonic and carboxylic acids of disazo and polyazo compounds. 
Although the processes that occur in the dyeing of cotton and regenerated 
cellulose with these dyes have been extensively investigated since their 
discovery, it is only since 1933 that the investigations have been placed 
on a sound experimental basis. Prior to this time the investigations 
were almost exclusively concerned with the cause of the substantivity of 
these dyes on cotton, and led to a number of theories on which no 
general agreement was reached. The early investigations on the colloidal 
properties of dye solutions is, ns, ns proved more fruitful, and showed 
that the dye anions existed in solution as ionic micelles. 

Although the necessity of working with pure dyes was appreciated by 
the early investigators, the methods of dye purification employed were 
by no means satisfactory, and it was not until 1931 that a relatively quick 
yet satisfactory method was developed by Robinson and Mills. This 
had immediate repercussions on the progress of experimental work, and 

1933 Boulton, Delph, Fothergill and Morton ® and independently 
Neale and Stringfellow published papers that may be regarded as the 
foundations of later work. Using pure dyes they investigated the kinetics 
of dye absorption by viscose sheet and yarn from dyebaths of known dye 
and salt concentrations. The use of viscose, especially in sheet form, 
instead of cotton, proved an experimental advance, since from the known 
dimensions of the sheet, the experimental results could be interpreted 
mathematically. Moreover these workers employed a length of liquor 
sufficiently great to ensure that the dye concentration remained practically 
constant during the absorption of the dye by the viscose. Such experi- 
mental conditions, although widely different from dyeing practice, gave 
experimental results capable of direct interpretation. 
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These results showed that the mass of dye absorbed per unit mass of 
cellulose increased with the time of dyeing and finally attained a limiting 
value although the dyebath was not exhausted. The limiting mass of 
dye absorbed per loo grams of cellulose was termed the equilibrium 
absorption value. Photomicrographs s. no of cross -sections of dyed yarns 
and the estimation of the absorbed dye in different portions of the dyed 
sheet 0 0 showed that when equilibrium was attained the dye was dis- 
tributed uniformly throughout the material and not merely absorbed on 
its outer surface. For a fixed dye and salt concentration, the equilibrium 
absorption was found to be practically the same for different viscose 
yarns although the rate at which equilibrium was attained varied con- 
siderably from yarn to yarn. This clear distinction between equilibrium 
dyeing and the rate of attainment of equilibrium laid the foundations for 
future investigations which were directed along these two lines. Moreover 
it elucidated many of the earlier experimental results where the dye 
absorption corresponding to an arbitrary period of time had been measured 
with the result that equilibrium dyeing was not consistently attained. 
In this respect it is important to observe that in some of the work published 
since 1933 arbitrary periods of dyeing corresponding to technical practice 
have been purposely adopted, and the experimental data obtained from 
such experiments must therefore be interpreted in the light of dyeing 
kinetics rather than equilibrium dyeing. 

2._The Purification of Direct Dyes. 

Since the properties of aqueous dye solutions depend on the nature 
and concentration of any inorganic electrolyte present, it is essential to 
obtain the pure dye free from the inorganic electrolytes and coloured 
by-products that are present in the commercial dyestuff. Various methods 
of dye purification have been employed, but few prove to be both satis- 
factory and of general application. Thus it has been claimed that some 
dyes can be obtained pure by recrystallisation ss, 70 from the commercial 
sample with a water-alcohol mixture, but this method fails completely 
for many dyes.®“ The extraction of the dye from the commercial sample 
with organic solvents has been used, but again the method is of 
limited scope and may fail to separate the dye from any coloured by- 
products, Although dialysis methods are of general application, 

they are slow even when electrodialysis or ultra-filtration under 
pressure is used, and moreover suffer from the inherent disadvantage 
that the dye acid is formed by membrane hydrolysis.’® 

Precipitation methods depend upon obtaining the dye in an insoluble 
form which can then be washed free from inorganic electrolytes. The 
precipitation of the dye as the insoluble dye acid has been used, but the 
dye acid is peptised by prolonged washing, Pose®® has developed a suc- 
cessful method of precipitating the dye with an aiyd guanidine hydro- 
chloride ; the insoluble organic salt so formed can be washed free from 
inorganic electrolytes and then dissolved in alcohol, whence the sodium 
salt of the dye can be precipitated by the addition of sodium methoxide. 
This method is claimed to free the dye from coloured by-products as well 
as from inorganic electrolytes. 

Salting out methods depend on leaving the inorganic electrolytes in 
solution by the repeated salting out of the dye with a salt that can be 
subsequently extracted from the dye. Harrison 27, 3 repeatedly salted out 
the dye from aqueous solution with ammonium carbonate, which was 
subsequently removed from the dye by volatilisation ; this method, 
however, gives a mixture of the sodium and ammonium salts of the dye. 
Robinson and Mills employed sodium acetate, and repeatedly salted out 
the dye fronr solution until the filtrate was free from chloride or sulphate. 
The sodium acetate remaining in the dye w'as then extracted with hot 
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alcohol, and some dyes could be finally crystallised out from a water- 
alcohol mixture. This method has proved not only successful but of wide 
application, and has consequently been extensively used. Ostwald 
has criticised it on the grounds that the colloidal properties of the dye are 
altered by the alkalinity of the sodium acetate solution, but Robiiison 
has found no grounds for this criticism. 

A criterion whereby the purity of the sample of purified dye can be 
established is highly desirable, but unfortunately, as Neale has pointed 
out, the final decision whether a particular sample is sufficiently pure for 
a particular research problem is still a matter of subjective judgment 
based on the results of various tests. The direct estimation of the purified 
dye with titanous chloride has been used with varying degrees ^ ^4 Qf 
success with different dyes. Estimation of the sodium content of the dye 
may reveal the presence of inorganic electrolytes, but like the previous 
method is useless for the detection of any coloured by-products that may 
be present in the purified sample. Such by-products can best be detected 
by means of the absorption spectra of the aqueous dye solutions although 
chromatographic analysis by means of an alumina column has also been 
used. If these by-products difier considerably from the main dye in their 
substantivity on cotton, the absorption spectrum of an almost exhausted 
dyebath will differ from that of a dyebath that has not been exhausted 
but is of the same dye and salt concentration as the exhausted dyebath.. 
It is of interest to observe that within recent years the absorption spectra 
of the aqueous solutions of several purified direct dyes have been recorded 
in the literature.®’* 

The hygroscopicity ® of direct dyes necessitates careful and prolonged 
drying. Neale and Hanson have observed that Benzopurpurin 4B« 
when dried in an air oven at iio° C. for twenty-four hours still retains 
1*6 per cent, of moisture, although Robinson claims that air-oven drying 
is successful providing the dye is spread out in thin layers. Drying in 
vacuo over phosphorus pentoxide appears to be the safest procedure, 
however, and after drying phosphorus pentoxide and not calcium chloride 
should be used in the desiccator. 

3, The Properties of Aqueous Solutions of Direct Dyes. 

Several workers have suggested that the properties of aqueous dye 
solutions are not reproducible. Thus Ostwald and Hatschek claimed 
that the viscosity of aqueous Benzopurpurin 4B solutions depended on 
their age and method of preparation, but Robinson and Mills,®® having 
purified the dye by the sodium acetate method, found no evidence of such 
changes. They suggested that the results of previous workers were due- 
either to the presence of inorganic electrolytes or to the dye solutions being 
supersaturated, and the extensive investigations made since 1931 have- 
shown that, with few exceptions, the properties of aqueous dye solutions 
are reproducible providing the dyes are free from inorganic electrolytes. 

Donnan and Harris observed that whereas the electrical conductance 
of Congo Red solutions showed the dye to be a strong electrolyte, the 
osmotic pressure corresponded to an undissociated solute. This char- 
acteristic is shared by soaps, and McBain has shown that the apparent 
anomaly can be qualitatively explained, on the assumption that the anions: 
are aggregated in solution, forming ionic micelles. The existence of such 
ionic micelles is now generally accepted, and such substances are known as 
colloidal electrolytes.®® 

Although the electrical conductance of dye solutions has been exten- 
sively investigated, the wwk of Robinson and his collaborators ®^^ 

has yielded most information about the constitution of these anionic 
micelles. They observed distinct maxima in the H — VC curves for 
Congo Red and w^^a-Benzopurpurin 4B solutions at concentrations in 
the neighbourhood of 2 X lO"''* n., thus providing strong evidence of the- 
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existence of ionic micelles whose degree of aggregation varies with the dye 
concentration. Transport number measurements showed that a 

small fraction of sodium ions, again varying with the dye concentration, 
was present in the anionic micelles, but the calculation of the average 
number of anions per micelle and the fraction of included sodium ions was 
necessarily only approximate owing to the unknown magnitude of the 
interionic forces. Robinson and Garrett conclude that in pure vsolution, 
the aggregation numbers of Congo Red and Benzopurpurin 4B are small, 
being about 2, while Bordeaux Extra exists in almost true solution. 
Osmotic pressure measurements made by Robinson and Selby with 
these dyes lead to similar conclusions. ^ ^ 

The determination of the degree of aggregation of the anionic micelles 
in dye solutions free from inorganic electrolytes is extremely difficult, 
and conductance and transport number measurements, although only 
approximate, are the most fruitful methods available. Kortum ^ has 
shown that the deviations from Beer's Law of dye solutions about M. 
provide evidence of aggregation, but no values for the degree of aggregation 
can be deduced from the experimental data. Morton has attempted 
to compare the degree of aggregation of several dyes in the absence and 
presence of sodium chloride by ultra filtration through viscose sheet, but 
the interpretation of the results is complicated both by eiectrokinetic 
effects ^0’ and by the absorption of the dyes on the membrane. 

The size of the ionic micelles in solutions containing inorganic electro- 
lytes is of special interest and early theories 2, 24, 92 attributed the efficacy 
of an addition of salt to the dyebath to the establishment of a particle 
size suitable for the dyeing process. Whereas the particle size 20 of the 
micelles in salt-free dye solutions cannot be determined from diffusion 
measurements, the Stokes-Einstein equation can be directly applied to 
the diffusion coefficient of the dye in the presence of a uniform and excess 
concentration of inorganic electrolyte. The application of the Stokes- 
Einstein equation assumes that the micelles are spherical, whereas the 
evidence of streaming double refraction shows the micelles to be aniso- 
tropic ; Herzog and Kudar have shown, however, that the assumption 
of spherical particles involves appreciable errors only where the anisotropy 
is extreme. 

Aqueous diffusion measurements ^0, n, as, 78 , lo? kave shown that in 
the presence of inorganic electrolytes the degree of aggregation of the 
micelles varies from dye to dye and for most dyes increases with the 
electrolyte concentration. Increasing tempera^ture invariably 

decreases the degree of aggregation, and at 90° to 100° C. most dyes are 
only slightly aggregated unless the concentration of the electrolyte is high. 
Thus, according to Valko,^®® the degree of aggregation of Sky Blue FF 
at go® C. at. a concentration of 0*2 g. per litre, can attain a value of 29 
when the HaCl concentration is 2 n. although for NaCl concentrations 
less than 0*5 n. the aggregation is only of the order of 2. Lehner and 
Smith claim that in the presence of inorganic electrolytes the degree 
of aggregation of Chlorazol Fast Red K (Colour Index 278) depends upon 
the age of the solution, but similar changes for other dyes have not been 
observed. 

The effect of levelling agents on the degree of aggregation of aqueous 
dye solutions has been investigated by several workers. Many levelling 
agents are cationic or anionic active substances and they might therefore 
be expected to function as inorganic electrolytes and increase the particle 
size of the dye micelles. Valko kas observed that at 25® C. the aqueous 
diffusion coefficient of Sky Blue FF at a concentration of 0-2 g. per litre 
dye and 0-05 m. NaCl is reduced tenfold on the addition of i g, per litre 
Peregal OK, a cationic active substance. This corresponds to a thousand- 
fold increase in the aggregation of the dye micelles and Valko therefore 
concludes that Peregal OK possesses a strong affinity for the dye. 
Peregal O, which is non-ionic, gave at suitable concentrations a fourfold 
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reduction in the aqueous diffusion coefficient while the anionic active 
agents investigated, Igepon T, Nekals A and BX, only slightly reduced 
the aqueous diffusion of the dye. Valko concludes that levelling agents 
fall into two classes ; those with affinity for the dye and those with 
affinity for the fibre. Weltzien and Froitzheim have made similar 
observations with Sky Blue FF while Smith working with Benzopurpurin 
4B in the presence of lauryl sodium sulphate found only a small decrease 
in the aqueous diffusion coefficient of the dye on the addition of this 
levelling agent. Neale and Stringfellow have observed that the ab- 
sorption spectrum of Sky Blue FF is unaltered by the addition of jS-naphthol, 
which is sometimes used as a levelling agent for direct dyes ; this suggests 
that jS-naphthol has no affinity for the dye. 

Morton has suggested that the dye micelles are not of uniform size 
but are polydisperse, existing in dynamical equilibrium, and has stressed 
the importance of such considerations when correlating the observed particle 
size with the rate of dye absorption by cellulosic materials. Unfortunately 
there is little direct evidence of the polydispersity of dye solutions, al- 
though it might be readily obtained by means of the ultra-centrifuge. 
Quesnel has concluded by such measurements that Congo Red solutions 
of concentration o*i g. per litre dye and o*i m. in NaCl are monodisperse, 
the micelles being of uniform size corresponding to a molecular weight of 
Sooo to 9000. If dye solutions are polydisperse, the values of the micellar 
radius obtained from the Stokes-Einstein equation are mean values, but 
probably not number averages. 

Little is known about the inter molecular forces responsible for micelle 
formation, but as Valko has suggested, it is probable that the same inter- 
molecular forces are responsible for both the aggregation of the dye anions 
and their adsorption on cellulose. Lehner and Smith ^2 conclude from 
aqueous diffusion measurements that the extent to which a dye is ag- 
gregated by inorganic electrolytes is related to its chemical structure. 
Robinson and Mills have observed that divalent cations are more 
effective than univalent cations in the flocculation of Benzopurpurin 4B, 
and trivalent cations are most effective. They suggest that although 
salting out plays a part in the flocculation of the dye, the flocculation is 
similar to that of lyophobic colloids. On the other hand, Ostwald claims 
that the solubility of Benzopurpurin 4B not only depends on the amount 
of solute present but that the first addition of inorganic electrolyte can 
increase the solubility of the dye. Thus for NagSOi he observes a maximum 
solubility at a concentration of o-ooi m. Na2S04. Robinson however, 
finds no evidence of this, and questions the purity of the dye used by 
Ostwald. 

Many chemical methods of estimating aqueous dye solutions have 
been used, but they are generally laborious and not entirely satisfactory, 
and colorimetric methods using either a visual colorimeter lo? or for 
greater accuracy a photoelectric spectrophotometer 37, 64 have been 
generally adopted. For many dyes in aqueous solution Beer’s Law is 
practically valid over a limited range of concentration. When inorganic 
electrolytes are present in the aqueous dye solutions it is necessary to 
compare the standards and unknown both containing the same electrolyte 
at the same concentration. 

4, The Equilibrium Absorption of Direct Dyes by Cellulose. 

It has previously been mentioned that when a given mass of cellulose 
is immersed in a dyebath, the mass of dye absorbed by the cellulose 
increases with time and finally attains a limiting value known as the 
equilibrium absorption, and expressed as grams of dye absorbed per 100 g. 
of cellulose, Equilibrium dyeing is reversible and does not show the 
hysteresis effects found for the absorption and desorption of water vapour 
by cellulose. For a particular sample of cellulose the equilibrium absorp- 
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tion depends only on the following factors when equilibrium dyeing is 
attained, namely, the dye concentration, the salt concentration, and the 
temperature. The dependence of the equilibrium absorption on each of 
these factors individually when the other two are maintained constant 
has been fairly extensively investigated, although much of the work is 
confined to viscose sheet. 

The Estimation of Absorbed Dye. — ^Although the mass of dye ab- 
sorbed by cellulose has been estimated directly with titanous chloride/^* 
the method is laborious and requires a dye absorption of about o-i g. 
Since in much of the experimental work the mass of absorbed dye is of 
the order of milligrams, the methods of estimation that have been adopted 
all resort to colorimetric estimations either of the dye in solution or of the 
dyed fabric. They are 

(1) The determination of the decrease in the dyebath concentration's, m 

(2) The extraction of the adsorbed dye from the cellulose with a suit- 
able solvent and the subsequent estimation of the dissolved dye.®* 

(3) The measurement of the reflection coefficient of the dyed fabric.^® 

Although the first method is the most straightforward, it is subject to 
large errors if the dyebath is only slightly exhausted. It is convenient in 
much of the experimental work to choose the liquor /yarn ratio so that the 
dyebath concentration at equihbrium dyeing differs by only i to 2 % from 
the initial dyebath concentration, and consequently the second method 
has been the most widely used. Water ® and acetic acid have been 
used as solvents for specific dyes, but aqueous pyridine solutions 

(15 to 25 %) have proved to be of most general use providing the extraction 
is not carried out at high temperatures, when decomposition of the 
dye may occur. In both methods the dye in solution is estimated colori- 
metrically, and an accuracy of i to 2 % is claimed, ss The third method 
necessitates the use of a reflection spectrophotometer, and it is first neces- 
sary by means of either of the two previous methods to obtain a calibration 
curve relating the reflection coefficient of the dyed fabric at a definite 
wavelength to the concentration of absorbed dye. Lehner and Smith 
found that the plot of the logarithm of the reflection coefficient against the 
concentration of absorbed dye was approximately linear over a limited 
range of concentration. This method has not been widely used, and an 
accuracy of only 5 to 10 % is claimed A® Recently Neale and String- 
fellow have found that the absorption spectra of direct dyes in 25 % 
pyridine solutions are additive, and that it is therefore possible by means 
of the second method to estimate a mixture of two dyes absorbed on cotton. 

The Effect of Dye Concentration. — When the salt concentration and 
the temperature are maintained constant, the equilibrium absorption 
increases with the dyebath concentration. Fig. i shows the isotherm 
obtained by Garvie and Neale 2® for the absorption of Sky Blue FF on 
viscose sheet at 90° C. in the presence of 5 g. per litre NaCl. At any one 
temperature, a series of absorption isotherms (relating the equilibrium 
absorption to the residual dyebath concentration) exists, each isotherm 
corresponding to a definite salt concentration. Very few such isotherms 
have been obtained since 1933, these are mainly confined to Benzo- 
purpurin 4B and Sky Blue FF on viscose sheet and cuprammonium 
yarn. Garvie and Neale observed that the equilibrium absorption of 
Sky Blue FF on viscose sheet at 90° C. in the presence of 5 g. per litre 
sodium chloride was approximately proportional to the cube root of the 
residual dyebath concentration, thus showing that the isotherm can be 
represented by a Freundlich adsorption equation of the type 

(Concentration of Absorbed Dye) 

= constant (Residual Dyebath Concentration) « 

where n is less than unity. This had been suggested by early investi- 
gators but there are at present insufficient data to show whether this 

15 
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type of equation is generally applicable to all such dye-absorption isotherms, 
and it is probable that deviations will be found for highly aggregated dyes. 

In the absence of salt s, 25, eo, 94 ^he equilibrium absorption of direct 
dyes on cotton and viscose sheet varies considerably from dye to dye, 
but for all dyes is considerably smaller than in the presence of salt. JSTeale 
and Stringfellow have shown that in the absence of salt the equilibrium 
absorption of Sky Blue FF at go° C. on viscose sheet can be accounted for 
by the dye present in the dye liquor imbibed by the sheet. This suggests 
that in the absence of salt this dye is not adsorbed by the cellulose at 90° C. 
Schrainek and Gotte however, observed that other dyes (purified by 
dialysis) were fairly strongly adsorbed on cotton at room temperature in 
the absence of salt. 



Fig. I. — Variation of the equilibrium absorption of Sky Blue FF 
on viscose sheet at 90° C, 

The Effect of Temperature. — ^Neale has sti'essed the importance of 
ensuring that equilibrium dyeing is consistently attained in investigations 
of the temperature variation of the equilibrium absorption. This is im- 
portant, since whereas equilibrium dyeing is generally attained within 
an hour at go° C., it may take several days at 25° C. The observa- 
tions of early workers that the amount of dye absorbed in a definite 

time passed through a maximum with increasing temperature simply 
arose from the fact that equilibrium dyeing was only attained at the 
higher temperatures. In general, when the salt and residual dye con- 
centration are maintained constant, the equilibrium absorption of direct 
dyes on cellulose decreases with increasing temperature.®* 

. The temperature coefficient of the equilibrium absorption depends to 
a small extent on the dye, the cellulose, and the salt concentration. As q 
very rough generalisation, based on the observation of five dyes, Neale 
estimates that the equilibrium absorption is halved for each 30° C. rise 
in temperature. Gar vie, Griffiths and Neale have found that the ratio 
of the equilibrium absorption of 0-05 g. per litre Fast Red K on viscose 
sheet at 25° C. to that at 90° C. is approximately independent of the 




H. A. STANDING 


417 


concentration of NaCl present providing it exceeds 2 g. per litre. On 
the other hand, the ratio of the equilibrium absorption of the dye on vis- 
cose sheet to that on cotton in the presence of 5 g. per litre NaCl decreases 
from 2-01 at 25° C. to 1*33 at 100° C. This may be related to the change 
in structure of cotton with increasing temperature suggested by Urquhart 
to account for the absorption of water vapour by cotton over this tem- 
perature range. If this is so, care must be exercised in deducing the heat 
of dyeing from the temperature coefficient of the equilibrium absorption. 

Although the general tendency is for the equilibrium absorption to 
decrease with increasing temperature Lehner and Smith have ob- 
served an exception for the sodium salt of ;^-sulpho*benzene-azobenzene- 
azo-6-benzoyl-^-aminobenzoylamino-i“naphthol-3-sulphonic acid, whose 
equilibrium absorption on cotton at 90° C. is higher than at 25° C. 
Aqueous diffusion measurements show that the average micellar radius 
in the dyebath at 25° C. is 18 -8 a. Lehner and Smith conclude from this 
and other evidence ^2, 43 that the dyeing of cotton at 25° C. does not 
proceed readily if the radius of the dye micelles exceeds a limiting value, 
which they estimate as 18 a. Similar suggestions have been made by 
Schaffer ® 2 and by Rose.®^'®® Lehner and Smith stress, however, that 
if the average micellar radius exceeds this value, the determining factor 
is the polydispersity of the dye solution. If the dye solution is mono- 
disperse, then the equilibrium absorption is relatively small, whereas if 
the solution is polydisperse with a dynamical equilibrium existing between 
the smaller and the larger micelles, the rate of dyeing may be retarded 
but it is still possible to obtain a high degree of exhaustion of the dyebath 
at equilibrium. As evidence of the latter case, Lehner and Smith state 
that a dyebath of Benzopurpurin, in which the average micellar radius 
is 36 A. owing to the high concentration of NaCl present, is 95 per cent, 
exhausted by cotton at 50° C. 

The Effect of the Inorganic Electrolyte and its Concentration. — ^The 
literature on the effect of the type and concentration of the inorganic 
electrol3rte on the absorption of direct dyes by cotton and regenerated 
cellulose is extensive, but only the work of Boulton, Delph, Fothergill and 
Morton and that of Neale and his collaborators definitely applies to equi- 
librium dyeing. Other w^orkers have generally investigated the problem 
from a more technical aspect by dyeing for an arbitrary period of time 
corresponding to that used in dyeing practice. Their results, although of 
direct technical importance, must therefore be interpreted in terms of the 
kinetics of dyeing. 

In order to maintain both the temperature and the residual dyebath 
concentration constant throughout the investigations, it is necessary 
that the mass of dye absorbed by the cellulose shall be negligible compared 
with the total mass of dye present in the dyebath. By such means, Neale 
and his collaborators lo, as, 26, eo have determined the absorption iso- 
therms (relating the equilibrium absorption to the concentration of sodium 
chloride present) for several dyes on cotton and regenerated cellulose. 
The equilibrium absorption increases with the concentration of NaCl 
present, but as is- seen from Fig. 2, showing the absorption isotherms of 
0*05 g- litre Benzopurpurin 4B and Sky Blue FF at 90° C. on viscose 
sheet as obtained by Hanson and Neale, the dependence of the equilibrium 
absorption on the NaCl concentration differs considerably from one dye 
to another. Such striking differences in the salt sensitivity of direct dyes 
are important in technical dyeing and Boulton and Reading 4, 7 and 
independently Neale have tabulated equilibrium absorption data from 
which the relative salt sensitivities of many direct dyes may be judged. 
Since the relative absorption of direct dyes on cellulose dyed from a mixed 
dyebath differs considerably from the ratio of the equilibrium absorption 
of each dye on cellulose in the absence of a second dye, it does not follow, 
however, that such data can be directly applied to mixed dyebaths. 



41 8 THE DYEING OF CELLULOSE WITH DIRECT DYES 

The shape of the absorption isotherms relating the equilibrium ab- 
sorption to the NaCl concentration when the dye concentration is main- 
tained constant depends on the cellulose used. Thus the absorption 
isotherm of 0*05 g. per litre Sky Blue FF on cotton at 90"" C. can be 
represented by the Freundlich equation, whereas on viscose sheet and 
cuprammonium yarn the dye absorption isotherms are sigmoidal at the 
lower NaCl concentrations. Neale attributes the sigmoidal shape 
to the presence of carboxyl groups in the regenerated cellulose. 

The early investigations of Whktoroff on the effect of equivalent 
concentrations of different electrolytes on the mass of dye absorbed by 
cotton in a definite time showed that the dye absorption increased with 
the valency of the cation of the inorganic electrolyte present. Although 
there is no evidence that equilibrium dyeing was attained in his experi- 
ments, later work has shown that this generalisation is true within certain 



Fig. 2. — Variation of equilibrium absorption of Sky Blue FF and Benzopurpurin 
4B on viscose sheet with the sodium chloride concentration. Dyebath con- 
centration 0‘05 gm. per litre dye. Temperature 101° C. 

limits for equilibrium dyeing. Boulton, Delph, Fothergill and Morton ® 
observed that for dyebaths of the same residual dye concentration and 
temperature the equilibrium absorption is approximately the same for 
equivalent concentrations of different inorganic electrolytes containing a 
univalent cation, while an equivalent concentration of an electrolyte 
with a divalent cation gave higher equilibrium absorption values. Neale 
and Patel es, 71 bave determined the absorption isotherms of Sky Blue FF 
and Benzopurpurin 4B on viscose sheet at 100° C. for a series of electro- 
lytes. These absorption isotherms, relating the equilibrium absorption 
to the equivalent concentration of electrolyte present, intersect for con- 
centrations higher than decinormal, showing that the relative effect of 
different electrolytes upon the equilibrium absorption depends on their 
concentration as well as the valency of their component ions. For electro- 
lyte concentrations lower than decinormal, the equilibrium absorption of 
Sky Blue FF on viscose sheet decreases in the following order according 
to the electrolyte present : 

BaCla > CaCl, > ZnSO^ > MgCl, > NH4CI > NaCl > KH2PO4 > NaH^PO^ 
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Since the average micellar radius of many dyes increases with the 
concentration of inorganic electrolyte present; it might be expected that 
if a limiting micellar radius for direct dyeing exists, the equilibrium absorp^ 
tion would be found to pass through a maximum with increasing electro- 
lyte concentration for a dye which is highly aggregated in solution and is 
monodisperse. Schramek and Gotte, I&otowa and Lehner and Smith 
have observed a maximum in the dye absorption by cotton at room tem- 
perature with increasing electrolyte concentration, but it is doubtful 
whether equilibrium dyeing was attained in their experiments. This 
fact is important since, as will be subsequently discussed, the rate of 
dyeing passes through a maximum ^vith increasing concentration of in- 
organic-electrolyte. Unfortunately apart from the absorption isotherm 
of Fast Red K on viscose sheet at 25® C., which does not show a 
maximum, other work where equilibrium dyeing is definitely claimed is 
mainly confined to temperatures about 90° C. where the aggregation of 
the dye is considerably smaller than at room temperature. The work of 
Neale and Patel at 100° C. extends to decinormal electrolyte concentra- 
tions and shows no maximum although the dyes are most probably only 
slightly aggregated under such conditions. Later work by Neale and 
Stringfellow at 90° C. shows that the equilibrium absorption of i g. per 
litre Sky Blue FF on cotton steadily increases as the sodium chloride 
concentration is increased from 50 to 100 g. and probably up to 200 g. per 
litre. Equilibrium is attained far more slowly when the salt concentration 
is 200 g. than when 100 g. per litre. Now Valko has observed that the 
average micellar radius for 0*2 g. per litre Sky Blue FF at 90° C. increases 
with the concentration of sodium chloride present, being 18-9 a. when the 
NaCl is 2 N. There can be little doubt, therefore, that the dye is con- 
siderably aggregated at the highest NaCl concentration, yet no evidence 
of a maximum is found although the rate of dyeing decreases considerably . 
These facts are not at variance with Lehner and Smith's contention of a 
maximum particle size above which dyeing does not readily occur, since 
it may be that Sky Blue FF solutions are polydisperse. It would appear, 
however, from the limited experimental evidence at present available 
that, for most dyes, the equilibrium absorption still increases steadily as 
the aggregation of the dye increases. For a complete elucidation of this 
problem, measurements of the polydispersity of dye solutions by means 
of the ultracentrifuge together with dye absorption measurements appear 
to be essential. 

The absorption of direct dyes on cellulose from a mixed dyebath cannot 
be predicted from the equilibrium absorption of each of the dyes in the 
absence of the other. Boulton, Delph, Fothergill and Morton ® have ob- 
served that from a mixed dyebath the absorption of each dye on the 
cellulose is less than it would be in the absence of the other dye. Neale 
and Stringfellow have not only confirmed this observation, but have 
found that from a mixed dyebath the relative absorption of two dyes on 
cotton differs considerably from the ratio of the equilibrium absorptions 
of the two dyes. Thus for a mixture of Chlorazol Sky Blue FF, and 
Chrysophenine G, the concentrations of absorbed dye on cotton at 90° C. 
are 0*062 and 0*288 g, per 100 g. of cotton, respectively, whereas the 
corresponding absorptions of the dyes when only one dye is present in the 
dyebath are 0*47 and 0*302, They also observed that the absorption 
spectra of direct dyes in aqueous solution are not additive, and that those 
pairs of dyes showing the greatest deviations in this respect also show 
the most anomalous absorptions in dyeing from mixed dyebaths. The 
effect of temperature on the relative absorptions of these two dyes from a 
mixed dyebath is also anomalous ; whereas the amount of Chrysophenine 
absorbed by the cotton decreases ivith increasing temperature as would 
be expected, the amount Sky Blue FF absorbed increases slightly 
with increasing temperature. From these facts Neale and Stringfellow 
•conclude that the relative absorption of two dyes by cotton from a mixed 
15 * 
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dyebath cannot be explained solely on the basis of the competition between 
the dyes for the cellulose, and they suggest that mutual interaction between 
the dyes in solution, as indicated by the absorption spectra, is responsible 
for the anomalous results. Neale and Stringfellow have also investigated 
the absorption of Sky Blue FF on cotton previously dyed with a vat dye 
Cibanone Yellow R. They found that from a dye bath of 0*05 g. per 
litre Sky Blue and 5 g. per litre NaCl at 90° C., the absorption of the 
direct dye on the cotton increased with the percentage of Cibanone 
Yellow R present. When the cotton yarn contained 4 % of the vat dye, 
the absorption of the Sky Blue on the cotton corresponded to that ob- 
tained on the untreated yarn for a sodium chloride concentration of the 
order of 100 g. per litre. This greatly increased absorption was found to 
be due to the absorption of Sky Blue FF on the vat dye itself. 

The Equilibrium Absorption of Cotton and Regenerated Cellulose. — 
The equilibrium absorption of direct dyes depends to a certain extent 
on the cellulose used. Weltzien and Schultze observed that the absorp- 
tion of Brilliant Benzo Blue 6B and Oxamine Red 3B in the presence of 



Fig. 3. — Variation of the equilibrium absorption with the sodium chloride 
concentration for Sky Blue FF on cotton and regenerated cellulose at 90° C. 


sodium sulphate was greater on viscose and cuprammonium rayons than 
on cotton ; in their experiments, however, equilibrium dyeing is not 
claimed. They also stress the importance of the ash content of the cellulose 
on the dye absorption, and Lehner and Smith have found that the dye 
absorption on cotton increases slightly with the ash content. Photo- 
micrographs uo of the cross sections of dyed regenerated cellulosic 
filaments indicate the presence of a skin that is dyed to a different extent 
from the interior of the filament. 

Hanson, Neale and Stringfellow ^ « have determined the absorption 
isotherms of Sky' Blue FF on viscose rayon, cuprammonium rayon, cotton, 
and mercerised cotton as shown in Fig. 3. For NaCl concentrations greater 
than 2 g. per litre, the equilibrium absorption is greater on the regenerated 
cellulose than on the cotton. Mercerised cotton takes up more thafi does 
the unmercerised material, and the ratio of the equilibrium absorptions 
is approximately independent of the sodium chloride concentration, being 
of the same order as the ratio for water absorption. This suggests that 
the same groups in the cellulose are responsible for the absorption of both 
water and direct dyes. 
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Cotton which has undergone alkaline hypobromite oxidation shows a 
very much lower equilibrium absorption than does unoxidised cotton, 
and Neale and Stringfellow have shown that the equilibrium .ab- 
sorption steadily decreases as the carboxyl content of the cellulose is raised. 
For NagSO^ concentrations less than about 1*5 g. per litre the absorption 
isotherms for cotton and the regenerated celluloses shown in Fig. 3 inter- 
sect, the dye absorption on the cotton being then the greater. Hanson, 
Neale and Stringfellow attribute this to the presence of carboxyl groups 
in the regenerated celluloses. 

Desorption of Direct Dyes, — It is well known that direct dyes on cotton 
and regenerated cellulose are not fast to washing. Weltzien and Schultze 
observed that when cotton and regenerated cellulose dyed with Oxamine 
Red 3B were washed in conductivity water at 70° C. for successive periods 
of twenty minutes, about 90 per cent, of the dye was removed after five 
washings. Similar measurements with Brilliant Benzo Blue 6B showed 
that tins dye was washed out more slowly than Oxamine Red 3B. Ac- 
cording to Leupin when cotton dyed with a direct dye is repeatedly 
washed, the concentration of the dye in successive liquors decreases ex- 
ponentially. The addition of salt to the wash liquor restrains “ bleeding ; 
this is probably due to the dependence of equilibrium dyeing on. the salt 
concentration. Lehner and Smith conclude from measurements of the 
wash fastness of several dyes in the presence of sodium chloride that the 
wash fastness is related to the salt sensitivity of the dye. Smith has 
found that aqueous solutions of anionic active agents, such as lauryl sodium 
sulphate have little more effect than water in removing dyes from cotton, 
while cationic agents such as cetyl pyridinium bromide greatly retard the 
bleeding of the dyed fabric. 

5. Theories of Equilibrium Dyeing and Substantivity. 

When equilibrium dyeing is attained, the concentration of dye is con- 
siderably greater in the water-swollen cellulose than in the external solution, 
showing that the intermolecular foi'ces between the dye and the cellulose 
are greater than those between the dye and water. Although the exact 
nature of these intermolecular forces is not yet definitely established, there 
is no evidence for the formation of a covalent bond between the dye and 
the cellulose, and it is generally accepted that direct dyeing is an ad- 
sorption process occurring not only on the outer surface of the 
celluiosic yarn but also throughout the less ordered parts of the cellulose. 
The fact that the equilibrium absorption depends upon the salt con- 
centration as well as the dye concentration clearly shows, however, that 
the adsorption process is more complex than those to which Langmuir's 
theory is applicable. 

Early theories attributed the efficacy of additions of salt to the dye- 
bath to the establishment 24 of a particle size suitable for the dyeing 
process. As Valko points out, however, it is more probable that the 
increase in the equilibrium absorption and in the aggregation of the dye 
micelles on the addition of salt are both due to a more fundamental physico- 
chemical process. Harrison 21, 27 observed that the negative zeta potential 
of cotton with respect to water is considerably reduced in the presence of 
inorganic electrolytes, and suggested that this negative zeta potential was 
responsible for the small absorption of direct dyes in the absence of 
inorganic electrol5rtes. Thus, according to Harrison, the efficacy of the 
addition of salt to the dyebath lies in the elimination of the zeta potential, 
which he assumes would oppose the adsorption of the dye anions on the 
cotton. The theory is purely qualitative, and has received little attention 
until recently ; a?, 104 would appear necessary, however, to consider 
not only the zeta potential of the cellulose itself which is possibly due 
to carboxyl groups but also the zeta potential arising from the adsorption 
of the dye anions on the ' cellulose. Nevertheless, the theory was the 
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first attempt to explain the action of salt in terms of electrochemistry 
rather than in terms of the colloidal nature of the dye solutions, on which 
so much stress was laid in the early days. 

. Hanson, Neale and Stringfellow 2® have developed an electrochemical 
theory which correlates quantitatively the variation of the equilibrium 
absorption with the dye and salt concentrations. These workers postulate 
that the dye anions are first adsorbed by the cellulose and attract the 
sodium ions near them in order to preserve electroneutrality in the system. 
There is in consequence a greater concentration of sodium ions in the 
cellulose phase than in the dyebath, and the resulting concentration 
difference will tend to oppose the adsorption of the dye anions; The 
addition of NaCl tends to equalise the sodium ion concentration in the 
two phases, and thus facilitates the adsorption of the dye anions. Hanson, 
Neale and Stringfellow, by applying Donnan’s theory of membrane equili- 
brium to the system, and by assuming that the concentration of dye anions 
adsorbed by the cellulose is directly proportional to the concentration of 
free dye anions in the cellulose phase, were able to correlate quantitatively 
the variation of the equilibriuni absorption of Sky Blue FF on cotton at 
go® C. with the concentration of dye and of sodium chloride in the dye- 
bath. The theory also gave a qualitative explanation to the decrease 
in the equilibrium absorption as the carboxyl 26, ea content of the cellulose 
increased. 

On their assumption that the laws of membrane equilibria apply to 
the system, it follows that the concentrations of the ions of the inorganic 
electrolyte are different in the water and the cellulose phases and are 
governed by these laws. Usher and Wahbi using viscose sheet investi- 
gated the distribution of ammonium and chloride ions between the water 
and the cellulose phases both in the absence and presence of direct dyes. 
These workers, however, differ from Hanson, Neale and Stringfellow in 
their definition of the cellulose phase, and calculate the ionic concentra- 
tions in the cellulose phase on the basis of the mass of water , absorbed 
per 100 g. of viscose. On the other band, Hanson, Neale and Stringfellow 
calculate the ionic concentrations in the cellulose phase on the basis of 
the mass of water adsorbed per 100 g. of cellulose from saturated water 
vapour, i.e. the bound water. This point is discussed at some length 
in later communications between Usher and Neale. Usher and Wahbi 
conclude that in the absence of dye, the distribution of the NH4 and Cl 
Ions between the two phases obeys the Donnan membrane equilibrium 
when the concentration of the NH4CI in the water is o-i n., but not when 
0*5 N. When dye was present, they found that in the cellulose phase the 
■concentration of the NH^ ions was greater than that of the Cl ions, the 
difference increasing linearly with the concentration of absorbed dye. This 
observation confirms Neale’s initial postulate that the dye anions are 
directly adsorbed by the cellulose. Usher and Wahbi conclude, however, 
that the effect of NH4CI on the dye absorption cannot be explained entirely 
on the basis of the Donnan membrane equilibrium and suggest that the C 
potential of the cellulose also plays a part. There is little doubt from the 
results of both groups of workers that the dye anions are first adsorbed 
by the cellulose and that the function of salt does not lie in promoting 
the aggregation of the dye, but in establishing electrochemical conditions 
of the system such that adsorption of the dye anions is facilitated. 

It is probable that these groups in the dye anion which are responsible 
for the adsorption of the dye on the cellulose are also responsible for the 
aggregation of the dye in solution and that substantivity is associated 
with, but not the result of, the colloidal properties of the dye. Lehner 
and Smith have suggested that the tendency for direct dyes to aggregate 
in the presence of inorganic electrolytes provides a useful, indication of the 
substantivity of the dyes on cellulose. 

Although there is strong evidence that the dye Unions are adsorbed 
by the cellulose, the nature of the bond between them is not yet definitely 
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established. The similarity in some respects between the absorption of 
water vapour and of direct dyes on cellulose and the fact that the absorption 
of direct dyes is considerably reduced when the cellulose is acetylated 
strongly suggests that the adsorption occurs on the hydroxyl groups of 
the cellulose. It is probable that the adsorption is due to a hydrogen bond 
formation ^0® between these hydroxyl groups and such groups as amino, 
hydroxy or ethoxy in the dye. From the temperature coef&cient of the 
equilibrium absorption of Fast Red K on viscose sheet, Meyer estimates 
the heat of dyeing to be 5 k.cal, per mole, a value of the same order as 
given by Pauling for hydrogen bond formation. As Meyer points out, 
however, it is possible that a dye molecule is bound to the cellulose by more 
than one hydrogen bond. In this respect it is interesting to observe that 
Boulton and Morton ^ conclude from the dichroism of cellulosic yarn 
and > sheet when dyed with direct dyes that the adsorbed dye molecules 
are parallel to the cellulose chains. The observation of Kruger and 
Rudow that the absorption spectra of dyed viscose sheet shows a dis- 
placement of the maxima compared with those of the aqueous dye solutions 
may be due to a bond formation between the dye and the cellulose. Since 
the absorption spectra of dye solutions depend, however, upon the degree 
of aggregation of the dye micelles, the change in the absorption spectra 
of the adsorbed dye cannot be taken as conclusive evidence of a cellulose 
dye complex.®^. 

Many attempts have been made to correlate the substan- 

tivity of direct dyes with their chemical structure. As a measure of 
substantivity Griffiths and Neale have taken the equilibrium absorption 
of the dye on viscose sheet at 90° C. from a dyebath of 0*05 g. per litre 
dye and 5 g. per litre NaCl. On the other hand, Ruggli considers the 
amount of absorbed dye remaining on cotton after immersing the skein 
in water to give a measure of the substantivity. These investigations have 
shown that the relation between chemical structure and substantivity 
is complex, depending both on the nature and position of the substituent 
groups. Ruggli and Lang conclude from absorption measurements 
with cis and trans dyes that a straight molecule does not necessarily 
confer a greater substantivity. According to Schirm the existence of 
a conjugated double bond is an essential criterion for substantivity. If 
dye adsorption is due to hydrogen bond formation, it is to be expected 
that the relation between the chemical structure and the substantivity 
of the dye will be complex and extremely sensitive to the position of the 
substituent groups. 

The equilibrium absorption of a direct dye on cellulose will depend not 
only on the affinity of the dye for the cellulose but also on the number of 
active centres on the cellulose (probably the hydroxyl groups) accessible 
to the dye anions or micelles. The structure of cellulose in relation to 
direct dyeing « has been reviewed in some detail in the literature and 
consequently will be only briefly discussed here. In viscose rayon the 
cellulose chains tend to lie with their long axes in the spinning direction 
and, as is shown by X-ray analysis, in some regions attain a regular crystal- 
line arrangement. It is generally accepted that the inter-crystalline 
regions,^® which behave as amorphous matter to X-rays, consists of cellulose 
chains common to the crystalline regions, but considerably more randomly 
oriented than in those regions. Permeability measurements with viscose 
sheet indicate that in the dry state both the crystalline and intercrystalline 
regions are impervious to air,^®® but that in the water-s\vollen state the 
sheet is permeable to fairly large molecules such as those of direct dyes. 
X-ray analysis shows that in the swollen state the water molecules do not 
penetrate the crystalline regions, and the dye anions and micelles must 
therefore be confined to the intercrystalline regions. These regions consist 
of a relatively open three-dimensional network of cellulose chains more or 
less oriented along the spinning direction, and recent work on the im- 
pregnation of cellulosic fibres with heavy metals suggests that fairly large 
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cavities (of the order of loo a.) are also present in these regions. The 
equilibrium absorption of direct dyes on cellulose will depend on the 
relative amount of the intercrystalline regions present, and to a less 
extent on the openness of these regions. From the equilibrium absorption 
of Sky Blue FF on viscose sheet, Neale and Stringfellow estimate the 
area of the available adsorbing surface of the cellulose to be 1*5 x 10® 
sq. cm. per g. 

The openness of the intercrystalline regions has probably a far more 
pronounced effect on the rate of dyeing than on the equilibrium absorption. 
The spaces between the cellulose chains in these regions will be tortuous 
and irregular and will possess no well defined boundaries. Some workers 
have considered these spaces as approximating to capillaries, and from 
permeability measurements estimate the mean capillary radius for 
water-swollen viscose sheet to be 20 to 30 a. Although this value cannot 
•be taken too rigidly, it indicates that the spaces are small, and that the 
larger dye micelles will be considerably restricted if not prevented from 
entering parts of the intercrystalline region. Consequently, for a highly 
aggregated but polydisperse dye solution, only a small fraction of the dye 
micelles will probably be able to penetrate the intercrystalline regigns' 
where adsorption will occur, and at any instant the effective concentration 
of dye micelles which can be adsorbed by the cellulose will be less than 
that of the dyebath. It has previously been mentioned, however, that if 
a dynamical equilibrium exists between the smaller and the larger micelles, 
then the equilibrium absorption may still be relatively high even though 
many of the dye micelles are considerably aggregated, and the limited 
evidence at present available suggests that this is so for many direct dyes. 

6. The Kinetics of the Dyeing Process. 

Equilibrium is seldom attained in the technical dyeing of cellulosic 
materials with direct dyes, and consequently the mass of dye absorbed 
in a given time depends upon the rate of dyeing as well as the affinity of 
the dye for the cellulose. The early work on viscose dyeing ^1® showed 
that a far more level dyeing was obtained with some dyes than with others, 
and subsequent investigation showed that, in general, the levelness and 
the rate of dyeing were related ; ?» 12 those dyes that attain equilibrium 
on viscose most rapidly giving the most level dyeings. 

It is therefore desirable from the technical standpoint to classify the 
direct cotton dyestuffs according to their dyeing speeds. Fig. 4 represents 
the dyeing of viscose yarn with Sky Blue FF at 90° C. the absorption of 
the dye by the viscose, expressed as percentage exhaustion of the dye- 
bath is plotted against the time of dyeing on a semi-logarithmic scale. 
The rate of dyeing if expressed as mass of dye absorbed per unit mass of 
cellulose per second clearly decreases with increasing time. In order 
to represent the dyeing speed by a single value, Boulton and Reading 
therefore introduced " the time of half dyeing which is the time required 
for the absorption of the dye by the viscose to attain half its equilibrium 
value under the specified dyebath conditions. Thus the time of half 
dyeing represents how rapidly equilibrium dyeing is attained, and in 
general the smaller the time of half dyeing, the sooner is equilibrium 
dyeing attained. 

It is obviously necessary to standardise the dyeing conditions for a 
comparison of one dye with another, and these workers chose an initial 
dyebath concentration of 0*5 per cent, (expressed on the weight of the fibre) 
and a liquor /yarn ratio of 40 to i. The concentration of sodium chloride 
added was so chosen that at equilibrium the dyebath was 50 % exhausted, 
and the time of half dyeing therefore corresponded to 25 % exhaustion. 
By such means, the direct cotton dyestuffs have been classified 
according to their times of half dyeing of viscose at 90° C. and the values 
so obtained range from 0-07 minute for Icyl Orange GS to 280 minutes 
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for Chlorazol Fast Pink BKS. Those dyes with the shortest times of 
half dyeing give the most level dyeings on viscose at 90° C. This classi- 
fication is extremely useful particularly when choosing dyestuSs for com- 
pound shades when it is essential fe choose those dyestuffs whose times 
of half dyeing are approximately equal. 

The Diffusion Theory.— Although the measurements of the time of 
half dyeing provide a useful classification of the relative dyeing speeds 
of the direct cotton dyestuffs, it gives little information about the funda- 
mental physico-chemical processes governing the rate of dyeing. It is 
dif&cult to interpret the kinetic curves theoretically since the dyebath 
concentration is steadily decreasing as exhaustion of the dyebath proceeds. 
Moreover, since the rate of dyeing depends on the surface area of the 
celMosic material exposed to the dye liquor the use of yarn introduces 
further difficulties in the interpretation of the results. Consequently 
the experimental conditions that have been adopted in the experimental 
investigations of the kinetics of dyeing have been widely divorced from 
technical practice. Most of the work has been confined to viscose sheet, 
which may be considered as a rectangular sheet of known dimensions, 
and a length of liquor has been used such that the dyebath concentration 
remains practically constant during the dyeing. 



Fig. 4. — Absorption of Sky Blue FF by viscose yam at 90® C. from, a 40-volume 
bath containing I’o per cent, dye and 10*05 per cent sodium chloride. 


The first accurate measurements of the kinetics of dye absorption were 
made by Boulton, Delph, Fothergill and Morton, « using viscose yam, 
and by Neale and Stringfellow, using viscose sheet. Both groups of 
workers purified their dyes by the method of Robinson and Mills, and 
determined the variation of the mass of dye absorbed with the time of 
dyeing. The results of Neale and Stringfellow for the absorption of 
Sky Blue FF on viscose sheet at 100° C. from a dyebath containing 0*05 g. 
per litre dye and 5 g. per litre sodium chloride are shown in Fig. 5. The 
line fitting the experimental points is derived from the equation 
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where Q is the mass of dye absorbed per 100 g. of viscose in time t, Qq is 
the equilibrium absorption, I is the thickness of the viscose sheet and D 
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is a constant. This expression, although referred to in the literature as 
Hill’s equation, 33 has been derived by several workers for the dif- 
fusion 1 . 45, 4 7 of a solute of constant concentration into a rectangular 
slab. D represents the diffusion coefhcient of the solute into the slab, 
and although the series is infinite, in practice it is rapidly convergent 
and therefore represented with sufficient accuracy by the first few terms.®® 
Boulton, Delph, Fothergill and Morton « observed that a similar ex- 
pression appropriate to the diffusion of a solute into a cylinder fitted their 
experimental curves for viscose yarn. Both groups of workers therefore 
concluded that the kinetics of dyeing could be interpreted as a diffusion 
of the dye from the dyebath into the water-swollen cellulose. A similar 
suggestion was made by Schaffer at the same time, but was not 
substantiated by experimental evidence. 

Neale and Stringfellow were able to correlate the absorption kinetics 
curves of Sky Blue FF on viscose sheets of different thicknesses by means 



Fig. 5. — Absorption of Sky Blue FF by Cellophane at 100° C. Byebath 
concentration, 0*05 gm. per litre dye, 5-0 gm. per litre sodium chloride. 


of the diffusion equation. Qualitative evidence of diffusion of the dye 
into the cellulose was given by photomicrographs 110 of cross-sections 
of yarns dyed for different periods, where the slow penetration of the 
dye into the yarn was clearly visible. Boulton, Delph, Fothergill and 
Morton,® by clamping a viscose sheet between two plane surfaces so that 
the dye could only penetrate the sheet through its outer edges, observed 
that after dyeing, the dye had penetrated fux'ther along the direction 
of extrusion of the sheet than perpendicular to that direction, thus 
showing that the diffusion coefficient depended on the orientation of the 
cellulose chains in the sheet. 

The diffusion equation that was found to fit the experimental kinetics 
curves applies only to a difiusion process for which Fick’s Law is valid, 
i.e. the diffusion coefficient is independent of the concentration of the 
difiusing solute. Consequently the good agreement found between the 
curves and this equation implied not only that the process was one of 
difiusion but that Fick’s Law was also valid. Later work by Gar vie 
and ISTeale showed that the cellulosic diffusion coefficient * of Sky Blue 

* A convenient shortening of diffusion coefficient . . . into cellulose.” 
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FF varied with the concentration of absorbed dye and consequently 
Pick’s Law was not valid. The values of the cellulosic diffusion co- 
efficients of direct dyes calculated on the basis of this equation are there- 
fore only approximate, and probably represent the mean value of the 
cellulosic difiusion coefficients . over the range of the absorbed dye con- 
centration appropriate to each experiment. This fact is important since 
practically all the cellulosic diffusion coefficients of direct dyes recorded 
in the literature (with the exception of the work of Garvie and Neale 2®) 
are calculated from the kinetics curves on the basis of Pick’s Law. 
Nevertheless these values, although approximate, can be taken as a 
measure of the dyeing speed, and in general the greater the cellulosic 
diffusion coefficient, the more rapidly is equilibrium dyeing attained. 

When the dyebath concentration is maintained constant, the relation- 
ship between the cellulosic diffusion coefficient D and the time of half 
dyeing required for the dye absorption Q to attain half the equilibrium 
value Qq can be seen from the equation 
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The only variables are the cellulosic diffusion coefficient D and the 
time of half dyeing and the higher the value of D, the smaller is the 
time of half dyeing. It should be noted that this expression is not 
applicable to Boulton and Reading’s determination of the time of half 
dyeing since the dyebath concentration steadily decreases as dyeing 
proceeds. Nevertheless, in general, the higher the cellulosic diffusion 
coefficient the smaller is the time of half dyeing. Neale has classified 
the direct cotton dyes according to their diffusion coefficients in viscose 
sheet at go® C., the dyebath concentration being maintained constant 
at 0*05 g. per litre dye and 5 g. per litre sodium chloride. Thus his ex- 
perimental conditions diSer widely from those of Boulton and Reading 
in their measurements of the time of half dyeing where not only is the 
dyebath concentration steadily decreasing as dyeing proceeds but- the 
concentration of sodium chloride, chosen to give 50 % exhaustion at 
equilibrium dyeing, varies considerably from dye to dye. Complete agree- 
ment between the relative dyeing speeds of direct dyes as determined by 
the two methods cannot therefore be expected ; nevertheless, apart from 
certain exceptions, the agreement between the two classifications is reason- 
ably good. As with the times of half dyeing, the cellulosic diffusion 
coefficients extend over a wide range from 180 x io“® cm.^ per sec. for 
Icyl Orange RS to 0*71 x lo”® cm.^ per sec. for Chlorazol Orange AG. 

It is seen from the diffusion equation that Q the mass of dye absorbed 
“in a time t depends not only on the diffusion coefficient D but also on the 
equilibrium absorption Q^. Thus it does not follow that the mass of dye 
absorbed in a time t is greater for a dye with a high diffusion coefficient 
than for a dye •vvith a low diffusion coefficient. Examples of the combined 
efiect of the equilibrium absorption and the diffusion coefficient D on 
the mass of dye absorbed in an arbitrary time are given later when dis- 
cussing the effect of temperature and of salt concentration on the dyeing 
kinetics. 

Effect of Dye Concentration. — ^The cellulosic diffusion coefficients 
calculated from the kinetics curves depend upon the validity of Pick’s 
Law. Neale observed that the values so obtained for Sky Blue FF at 
90° C. in viscose sheet increased as the dyebath concentration was in- 
creased, clearly sho^ving that Pick’s Law was not valid. It became 
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necessary therefore to devise an alternative method for the determination 
of the cellulosic diffusion coefficient of direct dyes which did not depend 
on the validity of Pick's Law for the calculation of the results. When 
Pick's Law is not valid it is highly desirable to employ a method whereby 
the distribution of the diffusing solute through the system can be deter- 
mined. Garvie and Neale achieved this by clamping a w^ad of viscose 
sheet between Hvo halves of a diffusion cell each containing a dyebath 
of Sky Blue FF at 90° C. The dye could diffuse into the wad only through 
the outermost sheets, and by measuring the concentration of absorbed 
dye in each of the sheets after a definite period of dyeing, the distribution 
of the difiused dye in the wad could be determined. From the graphical 
analysis of the distribution curves so obtained for different periods of dye- 
ing Garvie and Neale found that the cellulosic diffusion coefficient of the 
dye increased with the concentration of absorbed dye. Due to experi- 
mental difficulties and the unavoidable errors arising from the graphical 
analysis, the scatter of the experimental results rendered it difficult to 
determine the exact quantitative relationship between the cellulosic dif- 
fusion coefficient and the concentration of absorbed dye. They found, 
however, that the empirical equation 

dS/df - kC^^dC/d.v 

approximately fitted the experimental results where dS/dt is the flux of 
dye in the viscose sheet, dcjdx the concentration gradient of the dye in the 
sheet, C is the concentration of absorbed dye, and A is a constant. 

The values of the cellulosic diffusion coefficient as determined graphically 
from the distribution curves do not depend on the diffusion equation 
based on Fick's Law, which was previously applied to the kinetics curves. 
Garvie and Neale 20 by applying this equation to their results, showed 
that the value of the cellulosic diffusion coefficient so obtained was 'within 
the range of values found by graphical analysis. It is probable, therefore, 
that the value given by the diffusion equation represents an approximate 
mean value over the range of absorbed dye concentration appropriate to 
each^ particular experiment. No other work on the deviations from 
Fick's Law for the cellulosic diffusion of direct dyes is recorded in the 

literature, and the investigations 
subsequently described on the effect 
of temperature and of the salt con- 
centration were made before such 
deviations were fully, appreciated. 

Effect of Temperature. — ^When 
the dye and the salt concentration 
are maintained constant, equilibrium 
is attained more rapidly at a higher 
than a lower temperature. This and 
the corresponding decrease in the 
equilibrium absorption are clearly 
seen in Fig; 6 ; the curves are those 
of Boulton, Delph, Fothergill and 
Morton ® for the absorption of Chry- 
sophenine by viscose rayon yarn. 
Garvie, Griffiths and Neale have 
found a similar effect for the absorp- 
tion of Fast Red K and Heliotrope 
2B on viscose sheet, the calculated 
cellulosic diffusion coefficients of 
these dyes being roughly doubled for each 25"' C. rise in temperature. 

It is seen from Fig. 6 that the mass of dye absorbed by the cellulose 
can either increase, pass through a maximum, or decrease with increasing 
temperature according to the time of dyeing even though the diffusion 



Fig, 6, — Absorption of Chrysophen- 
ine by a 300/36 Viscose yarn from a 
40-volume bath containing 0*2 per 
cent, dye and 5-0 per cent. salt. 
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coefficient increases with increasing temperature. Dye absorption experi- 
ments, such as those of Weltzien and Schulze, in which the dyeing is 
conducted for an arbitrary period of time, insufficient for the attainment 
of equilibrium at the lower temperatures, show either an increase or 
maximum in the dye absorption with increasing temperature. 'V^ffiit- 
taker’s 3 . 13 “ temperature range test '' for the classification of dyestuffs 
according to their levelling properties depends upon this principle. Level 
and therefore rapid dyeing dyestuffs give a maximum depth of shade on 
viscose, when dyed for a fixed time at a low temperature whereas unlevel 
and slow dyeing dyes give a maximum depth of shade at high temperatures. 
Since the levelness increases with, the dyeing rate, viscose is normally dyed 
at go° C. 

The Effect of Inorganic Electrolytes. — Neale and his collabor- 
ators 58 , 60 have extensively investigated the effect of the nature and 
the concentration of inorganic electrolyte on the rate of dyeing of viscose 
sheet when the dyebath concentration and the temperature are maintained 
constant. The diffusion equation based on Tick's Law was found to fit 



• Fig. 7. — ^Variation of the cellulosic diffusion ccefficient and of the equilibrium 
absorption of Sky Blue FF with the sodium chloride concentration at 10° C. 

the kinetics curves obtained reasonably well, and the appropriate values 
of the cellulosic diffusion coefficient corresponding to each salt con- 
centration were calculated. They found that for several dyes at 90° C. 
the cellulosic diffusion coefficient passed through a maximum with 
increasing sodium chloride concentration. Fig. 7 shows the corresponding 
values of the equilibrium absorption and the cellulosic diffusion coefficient 
of 0*05 g. per litre Sk^'- Blue FF on viscose sheet at 101° C. as determined 
by Neale and Stringfellow.®® Neale and Patel ^8 have extended the work 
to other electrolytes and have found the effect to be general. The equiv- 
alent concentration of electrolyte corresponding to the maximum value 
of the cellulosic diffusion coefficient is generally lower for a multi-uni- 
valent electrolyte than for a uni-uni one. Photomicrographs of the 
cross-sections of dyed filaments of viscose and cuprammonium yarns 
by Weltzien and Froitzheim clearly show the increased penetration of 
the dye on the addition of salt. 

Since the cellulosic diffusion coefficient passes through a maximum 
with increasing salt concentration whereas the equilibrium absorption 
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steadily increases, the mass of dye absorbed in a fixed time will also either 
increase or pass through a maximum as the salt concentration increases. 
This has been observed by Lehner and Smith for the absorption of 
Benzopurpurin 4B on cotton at 25° C. and 50^^ C. At 90° C., where 
equilibrium dyeing was probably attained, the dye absorption increased 
steadily with increasing sodium chloride concentration. Lehner and 
Smith attribute the decrease in dyeing speed with increasing salt con- 
centration to the large particle size attained by the dye micelles in the 
presence of the salt. This may probably- be the explanation for their 
experiments at 25° and 50° C., but it is unlikely that the maximum found 
by Neale and Striiigfellow for Sky Blue FF at 101° C. (Fig. 7) for a con- 
centration of about log. per litre sodium chloride can be entirely attributed 
to this cause. According to Valko, the aggregation of 0*2 g. per litre 
Sky Blue FF at 90° C. in the presence of 0*5 n. NaCl is below 2. 

Very little work has been done on the effect of levelling agents on the 
rate of dyeing. It is claimed that ^-naphthol ® increases the rate of dyeing. 
Many levelling agents are colloidal electrolytes and providing they have 
no affinity for the dye their effect on the rate of dyeing might therefore 
be expected to be similar to that of a uiii^multi- or multi-uni- valent elec- 
trolyte according to whether they are anionic or cationic-active substances. 
Smith has investigated the absorption of Benzopurpurin 4B on cotton 
at 25"^ C. in the presence of a cationic active levelling agent, and suggests 
that its chief function is in promoting the swelling of the fibre. 

The Rate of Dyeing of Yarns. — ^The work of Neale and his collaborators 
on the kinetics of dyeing is mainly confined to viscose sheet, and apart 
from the work previously reviewed very few investigations of the kinetics 
of the dyeing of yarns have been made, Neale has stressed the im- 
portance of agitation in such measurements on yarns, where it is essential 
that the entire surface of the yarn shall be accessible to the dye liquor. 
Boulton and Morton ® have determined the rate of absorption of Sky Blue 
FF at 90° C. on cotton, viscose rayon and cuprammonium rayon by 
chopping the yarn into short lengths of about one millimetre and dyeing 
as a slurry. The curves showed that whereas in the initial stages the cotton 
was dyed more rapidly than the viscose, equilibrium was finally attained 
more slowly by the cotton. Cuprammonium rayon dyed more rapidly 
than wscose, while the time of half dyeing of cotton ® mercerised under 
tension was found to be approximately a quarter of that of the unmercer- 
ised material. Kinetic measurements with different cottons showed that 
there was a rough correlation between the fineness of the cotton hairs ® 
and the rate of dyeing, the finer hairs dyeing more rapidly. 

7. Present Position of the Diffusion Theory. 

It is now generally realised that the kinetics of dyeing is a more 
complex process than one of simple diffusion of the dye into the water- 
swollen cellulose. Such a picture does not take into account the ad- 
sorption forces between the diffusing dye anions and the cellulose, and, 
as Valko and Morton have stressed, the observed cellulosic diffusion 
coefficient of a dye must depend upon the adsorption of the dye by the 
cellulose occurring simultaneously with the diffusion process. The 
kinetics of direct dyeing is essentially a process of diffusion into an 
adsorbing medium such as is reported in the literature oa, 109 for other 
systems, and for which deviations from Fick's Law frequently occur. 
More experimental data on the deviations from Kick’s Law occurring in 
the cellulosic diffusion of dyes should prove valuable for a fuller inter- 
pretation of the process. 

The fact that the cellulosic diffusion coefficients reported in the liter- 
ature are calculated on the basis of Kick’s Law renders the interpretation 
of the results more difficult, for such values can only be approximate and 
probably represent the mean value of the cellulosic diffusion coefficient 
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over the range of absorbed dye concentration appropriate to each experi- 
ment. Morton has drawn attention to the fact that whereas the aqueous 
diffusion coefficients of direct dyes at go° are of the order of 

10-® cm.® per sec., the calculated cellulosic diffusion coefficients are con- 
siderably smaller, ranging from io“® to cm.® per sec. The aqueous 

diffusion coefficient of a dye anion in the presence of excess sodium chloride 
depends on the effective resistance of the solvent to the diffusing dye 
anion. When the dye anion diffuses in the water-swollen cellulose, the 
effective resistance to the diffusion of the dye anion is probably increased 
owing to the fine network of cellulose chains through which diffusion 
occurs, and on account of the adsorption forces tending to immobilise 
the dye anion. By assuming a linear absorption isotherm, Morton 
has deduced approximate values of the cellulosic diffusion coefficients of 
several dyes when the effect of adsorption is allowed for. These values 
range from 2 X io“® to 7 x lo"" cm.® per sec., and only approximate 
to the aqueous diffusion coefficients for the most rapid dyeing dyes, showing 
that the small values of the cellulosic diffusion coefficients cannot be 
entirely attributed to the effect of adsorption. 

One factor that vdll give a smaller diffusion coefficient of direct dyes 
in cellulose than in water is the tortuous nature of the capillaries and the 
fact that the cross-sectional area of these capillaries is considerably less 
than the area of the viscose sheet. Thus in Gar\de and Neale's ®® single 
sheet diffusion measurements, the viscose sheet between the dye solutions 
is in some respects similar to the sintered glass membrane used in aqueous 
diffusion measurements.®® It is highly probable, however, that the fine 
network of cellulose chains also impedes the diffusion of the dye, since as 
previously mentioned, permeability measurements indicate a mean capillary 
radius of 20 to 30 a. As Boulton and Morton ® suggest, the differences 
in dyeing speeds found for the regenerated celluloses is probably con- 
nected with the openness of the intercrystalline regions. Thus the swelling 
of cotton with caustic soda increases the dyeing speed, and the higher 
dyeing speed of cuprammonium rayon compared w'ith viscose is in agree- 
ment with measurements of the permeability- ® of Cuprophane and Cello- 
phane to sugars. 

The effect of aggregation of the dye micelles on the cellulosic diffusion 
coefficient is not yet definitely established. At the higher salt concentra- 
tion the cellulosic diffusion coefficient decreases as the salt concentration 
increases, but it has not yet been established whether this decrease is due 
to increasing aggregation of the dye or to the increase in the relative 
amount of adsorbed dye. Boulton and Morton ®® suggest that a 
dynamical equilibrium, which can be restored in a few seconds at 90° C., 
exists bet^veen the single dye anions and the micelles, so that a continuous 
stream of dye molecules can pass from the dyebath into the fibre. On 
their hypothesis, the rate of dye absorption is governed by the relatively 
slow diffusion of the dye molecules in the cellulose. They suggest that 
rapidly dyeing dyes contain a relatively large fraction of single dye anions- 
whereas slowly dyeing dyes contain only^ a small fraction. Neale has 
observed, however, that with certain exceptions the greater the equilibrium 
absorption of a dye on viscose, the smaller is the cellulosic diffusion co- 
efficient. It is probable, therefore, that the wdde range of cellulosic dif- 
fusion coefficients found for direct dyes is due not only to their relative 
degree of aggregation but also arises from the different affinities of the 
dyes for the cellulose. 

It is seen that the simultaneous occurrence of the adsorption process 
and the diffusion of the dye in. the cellulose, taken in conjunction with the 
structure of the cellulose itself, can explain qualitatively many of the 
experimental observations on the kinetics of dye absorption. Such 
considerations, however, do not explain the initial increase in the cellulosic 
diffusion coefficient as it passes through a maximum wdth increasing salt 
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concentration. It should be noted that these caJculated values are taken 
over the range of absorbed dye concentration appropriate tO each experi- 
ment, and that the upper limit of the absorbed dye concentration will 
therefore increase with increasing salt concentration. The steady decrease 
in the cellulosic diffusion coefficient once the maximum is passed may be 
due to the combined effects of increasing adsorption and aggregation of 
the dye. The existence of a maximum suggests that two opposing factors 
are operative in the diEusion process, and the initial increase of the 
cellulosic diffusion coefficient with increasing salt concentration may arise 
from the electrochemical nature of the system. Neale has suggested 
that the salt reduces a repulsion of the diffusing dye anions by those 
already adsorbed on the cellulose, while Hartley has suggested that 
the effect may arise from endosmosis. It is to be expected that in the 
relatively small intercrystalline regions of the cellulose, the electrical 
field arising from the adsorbed layer of the dye anions on the cellulose may 
play as important a part in the kinetics of dyeing as the particle size of the 
dye micelles. 

In conclusion it is seen that both the experimental and the theoretical 
investigations of the kinetics of dyeing are far less developed than those 
of equilibrium dyeing. Although there is strong evidence that the dye 
diffuses into the swollen cellulose phase, little is yet definitely established 
concerning the relative effects of adsorption, the particle size of the dye 
micelles and of the interionic forces on the kinetics of dyeing. 
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TWO NEW MODIFICATIONS OF THE FOURIER 
METHOD OF X-RAY STRUCTURE ANALYSIS. 

By a. D. Booth. 

Received Wi December, 1944. 

The course of approach normally adopted in crystal analysis is based 
on the concept of three-dimensional repetition originated by Bragg who 
showed 1- that the electron density at any point in ’a crystal could be 
represented by a three-dimensional Fourier series. It follows from this 
•principle that the projection of the electron density on any principal 
plane has a two-dimensional repetition pattern and hence is capable of 
expression as a two-dimensional Fourier series. 

In general the series are used after a set of approximate atomic para- 
meters has been determined by one of the usual trial and ei*ror methods, 2, ^ 
and it is customary to start by refining two of these co-ordinates using 
Fourier projections. When, for the -i-easons to be discussed later, these 
cease to give useful information, all three co-ordinates are obtained with 
the greatest possible accuracy by means of Fourier sections and lines. 

Ill preliminary work, Fourier projections have the advantages of 
requiring only a small number of terms of the type F(^Ao) and of giving 
information about all the atoms at the same time, but since in most 
structures overlapping occurs in projection the latter advantage is seldom 
realised and utilisation of only a small number of terms in itself reduces 
the accuracy of derived co-ordinates. 

The methods of section and line syntheses remove the disadvantages 
of projections but introduce two additional drawbacks, that the co- 
ordinates have to be known with a fair degree of accuracy and also the 
rather serious fact that the time taken in computation with complex 
organic molecules is considerable ; which probably accounts for the 
hitherto limited employment of three-dimensionaL syntheses in structure 
analysis. In order to obtain bond lengths of the accuracy now required 
in comparing various resonance theories of molecular structure, it is 

^ Bragg, Phil Trans, Roy. Soc., 1915, 215, 253. 

2 Bragg and Lipson, Z. Kryst., 1936, 95, 323, 

. ® Patterson, ibid., 1935, 90, 517. 
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necessary to have atomic co-ordinates of the greatest precision available 
vdth a full use of the most advanced experimental technique. In view 
of the fact that in using projections only for structure analysis, the greater 
part of the available experimental data {i.e. general 'F{hkl) values) is 
either not observed or in any case not used, it is desirable that all structures 
investigated should have the concluding refinements effected by three- 
dimensional synthesis. 

The present paper contains an account of two methods devised by 
the author having advantages intermediate between those of the standard 
methods just discussed. The first is a generalisation of the projection 
in which, instead of projecting the whole contents of a unit all upon a 
basal plane, only that part contained between specified planes is included. 
The second is a modification of the normal method of Fourier sections in 
which, instead of the usual single atom per synthesis, a number of atoms 
can, under suitable conditions, be obtained on the same section. In the 
description of both methods the treatment for the general case is given 
and then that for the particular monoclinic space group in order to 
show the practical application ; this space group was chosen since it is 
one which occurs in a high proportion of the organic compounds hitherto 
investigated and is thus likely to be useful for reference. Wiile the general 
results given could easily be transformed to suit the symmetry of Any 
particular space group it is in fact always quicker to obtain the particular 
results from the tables of Lonsdale.* 


(1) The Method of Section-projections. 

The electron density at any point {;t;, y, £) in the unit cell of a crystal 
is given (Lonsdale *) by : 

00 

I F{hM) \ cos^2n{t^ + ~ (i) 

—00 

whence the projection of the electron density contained between the two 
panes z ~ and ^ on the (c) face is, for orthogonal crystals : — 

^ —CO 

+ 2^ - a(A«)]|. 

Two special cases are of interest : — ^ 

(1) When z^ = Zi + c the above expression reduces to : 

00 

+ « =1^21 F(hko) I cos - a(Afto)] 

— 00 

which is the ordinary formula for Fourier projections given by Bragg." 

(2) As Z2 Zi, the result becomes : — 

^1 F(kkl) I COsj^27T^/t^ -j- -f — CIL{hkl) 


-f- TT— 


^ijsin 


00 

I F{hkl) I cos — cc{hkl)^Bzi 

—00 

* Lonsdale, Simplified Structure Factor Tables, 1936. 

® Bragg, W. H. and \V. L,, The Crystalline State, 1933. 
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which is merely an expression of the fact that 


8^1 2l 




( 2 ) 


i.e. an ordinary Fourier Section at height Zi, 

For inonoclinic crystals of space-group P^Jo (i) becomes (Londsale ^ 
loc cit.) 

+ Z = 2 n 
00 

=1221 [pm cos 2.(/^ + 

^ I) 

-f- F(hkl) cos 27 t^ — H- Jcos 


/; + ; = 271 1 
00 


sill + F(hkl) sin 277^ 


From which the result is obtained : — 


fc -i- i = 271 
CO 




2 it 1 

00 


where 


-222 [F{hkl) sin + ^) + Pm 3 ’^( - 

0 


=— r 

27r/?L 


COS 2 7rA “ — cos 27 rA 

h 6 J 


It should be noted that proceeding to the limit k = o in these results 

^o==^(y 2 “>i) 

So = o 

which is otherwise evident from the direct integration of the F(kol) 
terms. 

In order to compute the section-projections the ordinary method and 
tabulation used in Fourier sections is used with the exception that the 
preliminary table consists of values of Cj. and Sk instead of the usual 
cos and sine. 


(2) The Method of Projected-Sections. 

The expression for a Fourier section at height is : — 

00 

p{^y^^] =p222 I F{hkl) 1 cos [■2v[h-^ + ^ ) - a(M/)]. 

—00 

Assuming that the atoms at ^ — ^1, z^ . . . etc,, have widely differing 
[xy) co-ordinates the sections through these atoms may be combined 
without interference to give : — 
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r 

R{xy){z^ . . . ^,) = ]^ p[xyz^) 

OT = 1 

\F{hkl)\ cos 

m — l —00 



Although this expression looks somewhat clumsy, in practice the 
computation is little more difficult than that for a single section. Con- 
sidering the monoclitiic space group previously mentioned 

R(xyz){yi . . . y^) 

00 

cos 27r^/l^ + F{hkl) cos 27r^— h- -f 

& -f i ^ 2w 1 
00 

~ 2! 2 2 + Fjjikl) sin 27r(^ - 

0 

T 

where aC;^ — ^ cos 

w = i 

f 

s5fc = sin 27t 
m = i 

the tabulation being the same as that for an ordinary section with the 
exception of the preliminary table which consists of gCj^ and ^Sjc instead of 
the normal cos and sine. 


Applications. 

Both of the above methods have received extensive trials on several 
structures and the following general assessment of their advantages and 
disadvantages may be made. 

Section Projections. — ^The method is most suitable for separating a 
molecule from its companions in the unit cell, especially when the atoms 
of the single molecule give a projection free from overlapping. It is found 
that if one of the boundary planes passes through an area of positive 
electron density of a molecule, distortion of the resultant projection is 
liable to occur in this region. ^ For the special case in which the plane is 
normal to an interatomic bond there is no distortion and the method may 
be used. As the difference between the planes of section decreases the 
magnitude of the peaks obtained decreases ; equation (a) makes it clear 
that to bring the results to the same scale as is usual in sections the values 
should be divided by {Zz — • The particular advantage of the method lies 

in the simplicity of the preliminary table. 

Projected Sections. — ^While this method gives no information not ob- 
tainable by means of ordinary sections, it greatly reduces the work involved, 
compared with that needed for a complete set of sectional syntheses, without 
in any way reducing the accuracy. The method is equally applicable to 
line syntheses in wMch case several atoms can be made to appear on the 
same line, although here the advantages are not so great, as the preliminary 
table forms the major operation of this type of synthesis and not many 
atoms can be obtained on a single line without mutual interference. 
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CoiiclusioH. 


The following scheme is suggested as one which will materially shorten 
the time taken for structure analysis without in any way reducing the final 
accuracy of the results, 

(1) Determination of approximate parameters. 

(2) Refinement by means of projections. 

( 3 ) ,, ,, section projections. 

( 4 ) „ ,, projected sections. 

(5) Final check by means of one set of standard section and line 
syntheses. 


This work forms part of a programme of fundamental research on 
rubber undertaken by the Board of the British Rubber Producers* Re- 
search Association. 


British Rubber Producers’ Research Association, 
48 Tewin Road, 

Welwyn Garden City, Herts, 


REVIEWS OF BOOKS. 

Metallurgical Analysis by Means of the Spekker Photo-electric 
Absorptiometer. By F. W. Haywood and A. A. R, Wood. 
(London, Adam Hilger, Ltd.) Pp. xii + 128. Price iSs. 

Methods for the colorimetric estimation of metals have been known for 
1 15 years, and their application has been widespread. The accuracy 
obtainable, however, has not been high, and rarely above suspicion, while 
considerable chemical manipulation has often been necessary. Until 
recently the ultimate judgment of equality of colour, whatever type of in- 
strument was used, was the eye, and it was not uncommon for even highly 
skilled observers to disagree. The advent of photo-electric methods has 
done much to remove these disadvantages, but realisation of this change 
was slow. During the last four years, however, chiefly through the pioneer 
work of E. J. Vaughan, the potentialities of photo-electric instruments 
have been more widely exploited. This little book contains detailed 
instructions for twenty-six commonly required metallurgical analyses 
using the Spekker photo-electric absorptiometer suitable for routine use in 
control laboratories. They" are designed, of coiinse, for one particular 
instrument, but they must be suggestive to many other workers who do 
not possess it. The intrsuction.s, which are all well atte.sted, are entirely 
practical — a little more explanation of why certain procedures have been 
adopted would have been an advantage — and will need to be read with some 
care if all are to be correctly understood and applied. Nevertheless, the 
book will be of considerable value in metallurgical laboratories — more so 
as the original papers are relatively few and widely distributed. 

C. B. A. 



THE DIAMAGNETIC SUSCEPTIBILITY OF SOME 
ALKYL AND ARYL HALIDES. 


By C. M. French and V. C. G. Trew. 

Received 22nd November, 1944. As revised 20th December, 1944. 

In a previous paper ^ a comparison was made between the diamagnetic 
susceptibilities of homopolar and heteropolar halogen atoms in chemical 
compounds, that is, between the atomic susceptibilities of halogen atoms 
obtained by Pascal from the inolar magnetic mass susceptibilities of halogen- 
containing compounds, and the ionic susceptibility of the halogen ion in 
its typically polar compounds such as those with the alkali metals. During 
the course of that investigation, it was noted that there are considerable 
variations in the magnetic susceptibility values obtained by different 
investigators for the simpler halogen substituted derivatives of saturated 
aliphatic and aromatic hydrocarbons. In addition there were some 
gaps in the values for these compounds considered as a series. It was 
shown [loc. ciL) that a graphical method could be employed as a consider- 
able guide to the reliability of experimental magnetic susceptibility values 
for related series of compounds in the same physical state. For the 
methyl and ethyl halides and the monosubstituted halogen derivatives 
of benzene, not only were there several dlfiering values reported for ex- 
perimental susceptibilities, but on plotting the observed molar suscepti- 
bility of the compound against the effective atomic number of the halogen 
atom, a wide divergence from the characteristic graphical relationship 
was found among members of a related series. 

The importance of securing more accurate data for the diamagnetic 
susceptibility of organic compounds has recently, and since this work 
was initially undertaken, been stressed by Professor Sugden ^ and by 
W. R. Angus.® Professor Sugden draws attention to the lack of agree- 
ment between experimental values for the magnetic susceptibilities of 
various compounds obtained by different workers and different methods ^ 

Benzene and acetone represent the only two liquids other than water 
for which any really satisfactory range of investigations has been made 
by a large number of w^orkers, and even here the extreme values difier 
by some 1-5 %. Sugden points out that this uncertainty forms the 
principal difficulty in making any detached analysis of the relation be- 
tween diamagnetism and chemical constitution, and obscures the causes 
of the divergences that exist between theoretical and experimental dia- 
magnetic susceptibility values, a divergence that has also been pointed 
out in previous papers from this laboratory. 

In view of the above, w^'e have carried out measurements of the sus- 
ceptibilities of those compounds w^hich showed the widest discrepancies 
(see Table I for individual members), and which could be prepared or 
obtained readily. 

In addition, some improvements in experimental technique for the 
determination of mass susceptibility by the modified Gouy method 
previously described * have been devised. The method described below 
is suitable for liquids only, but in this limited case, eliminates several 
sources of error inherent in the original method. 

^ Trew, Trans, Faraday Soc,, 1941, 37, 476. 

- Sugden, ^th Liversidge Lecinre, J.C.S., 1943, 328. 

^ Angus and Hill, Trans, Faraday Soc., 1943, 39, 185. 

4 Trew and Watkins, ibid., 1933, 30, 1310. 
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TABLE I.* 


Compound. 

Slass 

Susceptibility. 

— X X 10® 
at 20° C. 

Molar 

Mass 

Suscep- 

tibility. 

Boiling Point 
(°C.) 

Density 

(Df). 

Refractive Index 

K")- 

Obs, val. 

Lit. val. 

Obs. val. 

Lit. val. 

Obs. val. 

Lit. val. 

CcHpa . 

0-6218 ±o*ooo8 

69*95 

132 

133 i 

1*107 

i*io66<^ 

1*5252 

1*52479 d 

CeHsBr a . 

0'5030:±;0’00ii 

78-92 

156 

I55‘6 d 

1*497 

1*497 

1*5601 

1*560 e 

CjHsIa . 


91-30 

188 

iS 8*45 d 

1*832 

1*832 e 

1*6200 

1*621 e 

CHBr,« . 

0-3253 

82*22 

149*5 

149*5 d 

2*890 

2-890 c 

1*5980 

x *598 S 

CHI3 b 

1 o-2974±o-oo7i 

117*1 

M.P. 1 19 

iigd 

— 

— 

• — 

— 

CCI4 Cl a 

o-4340±o-ooii 

66*77 

76*8 

76*74 d 

1*595 

1*595 

1*46110 

1*4607 

CBri c 

o-2826±:o-ooi4 

93*73 

M.P. 91 

90-1 d 

— 


— 

— 

CjHsBra . 

0-5020^0*0007 

54*74 

38 

3^'4d 

1*430 

1*4307 \d 
x -4555 / 

X'4252 

1*42386 


0*4394 io*ooo9 

68-53 

72 

72‘sd 

1*933 

1*933 e 

1*5141 

I'Sra/ 

CflHg a 

o-7020io-ooo7 

54*79 

80 

So-o8 

0*87897 

0*8788 e 

1*5012 

1-50165 d 

CH3COCH3 a 

0-5866^0-0010 

34*05 



0*79x5 

0*79x5 ^ 

x -3589 

1*358860 


* In column i, (;a) refers to susceptiliDity measurements made on the liquid, (&) to measurements on 
solutions containing from ii % to 20 % of iodoform, and (c) to measurements on the solid. 

In columns 5, 7 and 9, (<i) refers to Heilbron’s Dictionary, (e) to the International Critical Tables, (/) 
to Landolt-Bdrnstein, and (g) to the Chemical Catalog Co. 


Experimental. 

Whenever possible, specimens of a single substance from different 
sources were examined. In all cases the specimens were subjected to 
rigorous purification by freezing, drying, redistillatiOn in all-glass apparatus, 
or repeated recrystallisation, and the purity tested by reference to accepted 
standards of refractive index, density, and boiling- or melting point. 
The specimens were also tested by means of thioglycollic acid for the 
presence of traces of iron, and shown to be free from this impurity. Deter- 
minations of the refractive index (sodium D line at 20° C.) were made 
using the Abbd refractometer, by Dr. D. M. Simpson, to whom the thanks 
of the authors are due. The results obtained, and a comparison with the 
values available in the literature are tabulated in Table I, columns 2-9. 

The Gouy balance and method used for determining magnetic sus- 
ceptibility have been described previously,* but a number of special 
points for ensuring greater precision have since been adopted. Using 
the D.C. mains current of 220 volts, with a sensitive ammeter and variable 
rheostat in series with the magnet coils, experiments were carried out 
to determine the best current strength at which to work, and it was found 
that at 2*8 amp. a maximum diamagnetic thrust was obtained on the 
specimen. Hence it was decided to work at a current strength of 3 amp. 
as being suf&ciently low to prevent undue heating of the coils, but safely 
within the region at which the coils were saturated, thus ensuring a con- 
stant field at the lower end of the specimen. Experiments with fields 
below the saturation point showed that slight variations in the current 
caused small but measurable variations in pull, and hence it was con- 
sidered most satisfactory to work just within the region of maximum field. 
When the pole pieces were 1*25 cm. apart and the current strength 3*0 amp. 
the field was 5290 gauss. Although a maximum field of 7000 gauss was 
obtainable using a smaller pole gap, it was found that this necessitated 
using a smaller volume of specimen, and the errors introduced by this 
more than neutralised the advantages of the higher field. 

An average length of 7 cm. was used for most specimens since at 6 cm. 
above the centre of the pole pieces of the magnet the field was zero. 

In the Gouy method of determining magnetic mass susceptibility 
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'When the top of the specimen is in zero field and the bottom is in field 
Hi, the susceptibility is given by : — 

ocF . lO^HairF 


■where x = mass susceptibility of specimen, F — force on the specimen 
in mg,, W = weight of material in g., H = the specific susceptibility of 

, rr XI, 1 ' 2 / X lO® X 981 

air = 0*0294 x io“®, and V = the volume in c.c. ; a = — ^7=^5 

^ • HJ X 1000 

and is a constant for the apparatus using a given field and constant length 
I of specimen. 

It is usual to calibrate the apparatus with specimens of known sus- 
ceptibility in order to determine a, the balance constant. In order, how- 
ever, to eliminate possible sources of error in filling susceptibility tubes 
to a constant mark, and from possible fluctuations in a, a modification of 
the usual method was employed. Consecutive readings were made of the 
pull or thrust on the tube filled with air, -with the standard liquid of known 
susceptibility, and with the liquid under investigation, using the same 
tube and suspension wire each time (platinum wire of diameter 0-004 
■was found most satisfactory). 


^ olF , o*o 294F 
Since io«^ = — + 


where F is the resultant pull on the liquid under investigation, and the 
other terms are as before, 

io®x = olF/W + 0*0294/^^ where d = density of specimen = W/V. 
Hence for liquid A : + o*02g^/dj^ 

or — oiFJVd^ -|- o*o 294 /<fjL where V = volume of specimen to mark. 

Similarly for standard liquid B : io^xb == ^^bI^^b + 0*0294 /ifjj 


whence 


- 0-0294/^a 
10‘Xb — 0-0294/^5 


— -Pa^b/^b^a 


Substituting the measured values of F^ and Rg, the densities dj^ and 
of the specimens at the temperature of the experiment, and the known 
value of xb> gives xa» whence 


10 'Xa = (10 “Xb — 0-02g4lds)F^d^lFsdt, + 0-0294 . (3) 

The above method eliminates the errors referred to, the only measured 
quantities being the forces F^ and Fg which can be measured to -within 
0*2 %. An accurate thermometer between the poles of the magnet was 
used to record the temperature at which experiments were carried out. 

In considering the most suitable standards to use for diamagnetic 
susceptibility measurements, preliminary calibration of the balance and 
determination of the balance constant was carried out using pure para- 
magnetic substances as advocated by Sugden for general work with the 
Gouy balance. In later work with almost exclusively diamagnetic sub- 
stances it was considered better to use as a standard, some pure dia- 
magnetic substance whose susceptibility was accurately known, since the 
large paramagnetic pulls are of an entirely different order of magnitude 
from the diamagnetic measurements being carried out. For precision 
work it was decided not to use solid substances as the standard, as there 
may be small errors introduced in packing the material homogeneously 
in the tube. 

Water, benzene, and acetone are the three substances whose suscepti- 
bility has been most reliably determined. Of these, water seems at first 
sight to be the best standard owing to its high susceptibility. DifS.culties 
in obtaining and maintaining water in a high degree of purity make it 
less suitable as a standard than either benzene or acetone, provided that 
accepted standard values for these liquids can be obtained. In the case 
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of the latter two liquids, Sugden ® has tabulated a large number of avail- 
able susceptibility values. These figures show that though there is very 
fair average agreement, some of the values tend to be about a high mean 
value of ~ 0712 X 10“ whereas some tend to come considerably lower 
about a mean of — 0702 x for benzene. ^ Acetone also shows a 

similar divergence of values. Angus and Hill,^ using pure nickel chloride 
as standard, have recently published results for benzene in which agree^ 
ment was obtained with the lower values. The discrepancy between 
individual values appears to be in part due to the use of different initial 
standards by different investigators. A careful redetermination of the 
susceptibility of benzene and of acetone was therefore carried out on the 
basis that the susceptibility of water = — 0720 x io-« ; and using 
pure conductivity water as standard, results in agreement with the lower 
figure of —0702 X io“® for benzene were obtained. Similarly for acetone 
the lower figure is confirmed (see Table I) . Hence the values are suggested 
as the most satisfactory standards for diamagnetic susceptibility work : — 

X acetone . . -* 0*5866 x 

X benzene . . — 07020 x io”» 

X water . . — 07200 X io-«. 

It may further be observed that much apparent difference in absolute 
values could be avoided if agreement could be reached by different workers 
on a suitable common standard. Both benzene and acetone are satis- 
factory as they can be obtained in a very high degree of purity. The 
benzene used in the present investigation was a Kahlbaum specimen 
whose boiling point and refractive index indicated it to be of a very high 
degree of purity (see Table I) . The acetone used was of analytical purity 
and had been dried for a month over K2CO3. The susceptibility value 
for benzene being established in terms of water as standard, the benzene 
was used as the standard liquid for subsequent susceptibility measurements. 

Of the substances measured in this investigation the only one which 
presented any difficulty was iodoform, and its susceptibility had not pre- 
viously been recorded, probably because it is the only one of the series in 
the solid state. Attempts were made to measure the susceptibility of the 
tightly packed solid powder, but these had to be discontinued as the fine 
light flakes could not be packed into a homogeneous solid rod of material, 
and widely varying susceptibility results were obtained owing to unequal 
packing. Search was then made for a suitable solvent, but in many cases 
rapid darkening was observed due to the liberation of iodine. Ethyl 
iodide, one of the liquids being investigated, was found to be the most 
useful solvent, the solution not darkening appreciably in a time sufficient 
for susceptibility readings to be made. Even after some darkening had 
occurred, no appreciable alteration in the susceptibility was obtained. 

Results. 

The results obtained for the molar mass susceptibilities of acetone, 
benzene, and the eleven other substances measured are shown in Table I, 
column 3. Each result is the mean of six closely agreeing values, and 
the maximum deviation is recorded in each case. All values are relative 
to conductivity water ^ — 0720 x 10- 

It will be noted that the result obtained for benzene, the substance 
for which the most recent comparative results are available, is in excellent 
agreement with that obtained by Angus and Hill® (07023). The value 
for bromobenzene is in good agreement with that of Bhatnagar, Nevgi 
and Khanna ® (0*505 at 20° C.) but those for benzene and chlorobenzene 
are considerably lower than those obtained by these three authors (0*712 
for benzene, and 0*644 chlorobenzene at 20° C.). The value for carbon 

® Bhatnagar, Nevgi and Khanna, Z, Physih, 1934, ^9, 506, 
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tetrachloride is in fairly good agreement with that of Rao and Govindarajan ® 
for this compound (0*438 at 20° C.). 

In Fig. I [a] the above experimental results for x plotted, together 
with values due to Pascal ’ for those compounds which were not measured 
but are needed to complete the series. The relationships between the 
susceptibilities of the mono-, di-, tri-, and tetrahalides of the methane 
series are shown 
against the effec- 
tive atomic number 
of the halogen 
atom. Fig, i{a) 
shows values for 
the di-, tri-, and 
tetrahalides of 
methane, the upper 
curve of each pair 
representing the 
Pascal theoretical 
susceptibilities 
without constitu- 
tive correcting con- 
stants ; i.e. the 
sum of Pascal's 
atomic suscepti- 
bility values 8 for 
carbon and the 
four halogen 
atoms, corrected 
to bring to the 
modern stand ard 
for wa'ter. The 
lower curve of each 
pair represents 
the experimental 
values. Fig. i(b) 
represents the 
similar curves for 
the monohalides of 
methane, ethane, 
and benzene, but 
since accurate 
values for ethyl 
chloride and 
methyl bromide 
are not available 
the shape of the 
curves including 
these two com- Fig. i (a). 

pounds can only 

be given tentatively and are represented on the graphs by broken lines. 
In each case the sum susceptibilities for the constituent atoms, 

but without constitutive correcting constants for linkings, is plotted close 
to the experimental curve. The constitutive constants for the linkings 
were omitted as it was considered that if individual experimental deter- 
minations by Pascal were slightly incorrect in certain cases, these would 
influence the values of his constitutive constants, and one of the objects 

® Rao and Govindarajan, Indian Acad. Sci. A, 1942, 15, 35. 

’ Pascal, Ann. Chimie, 1910, 19, 5. 

® Pascal, Cofnpt. rend., 1911, 152, 862. 
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of this investigation was to resurvey the whole question of the causes of 
deviation between the theoretical susceptibilities and the experimental 
values. 

At the bottom of Fig. i(b) the characteristic curve for the homopolar 
halogen atoms using Pascal’s atomic susceptibility values for these, is 
given. The Pascal theoretical curves are mainly included for the purpose 
of comparison with the slope of the experimental curves, for which they 
afford an excellent check. 

Discussion of Results. 

The values obtained in the present investigation all fall on curves which 
have the characteristic inflexion point found for the homopolar halogen 
atoms. Pascal's value for the susceptibility of methyl bromide must 
obviously be considerably too high as it falls far from the characteristic 
curve and above the corresponding value for ethyl bromide obtained both 
by Pascal and by the authors. No value was available for ethyl chloride, 

its susceptibility not 


run fairly parallel 
Fig, I (6). . with the theoretical 

curves, whereas the 

aryl halide series is more divergent. There is in fact a slight divergence 
in the case of the ethyl halides, hut it is very small and hardly shows up 
graphically. These divergences are in agreement with Pascal’s assignment 
of larger constitutive correcting constants to bromo-, and iodo-compounds 
than to chloro-compounds. The curves for the di-, tri- and tetrahalogen 
series show increasingly greater divergences from the Pascal atomic sus- 
ceptibility curves — a fact already pointed out by Pascal himself.’ 

The present value for iodoform completes the trihalogen series curve 
— Fig. I (at) — and it will be noted that the general shape fits in well with 
that of the other curves. 

A study of Pascal's two papers « dealing with the alkyl halides, shows 
that he fully recognised the anomalous nature of these compounds. He 
attributed the susceptibility deviations to constitutive effects within the 
molecule, ascribed in part to the interaction of hydrogen and halogen, 
producing an effect comparable to the formation of a double bond with 
consequent lowering of the molar susceptibility ; and partly, in polyhalogen 
compounds, to an interhalogen interaction also serving to lower the dia- 


.?»l 
















of Halodm Atomic 
f5 30 35 40 45 50 S5 


yet having been 
measured. We were, 
under present condi- 
tions, unable to ob- 
tain a specimen of 
these two substances 
whose high volatility 
would, in any case, 
render susceptibility 
measurement difficult 
by the available ap- 
paratus. Hence a 
provisional value from 
the graph is suggested 
for methyl bromide 
of - = 427i 

and for ethyl chloride 
of - io«xm* = 45*0' 
The curves for 
the monohalides of 
methane and ethane 
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magnetism. Pascal made no general comparative survey of his results 

for the alkyl halides 

as a whole, being 

more concerned to 

consider anomalous -45 

susceptibility values 

for various specific | X 

cases, and he de- X 

rived constitutive A y 

correcting constants -35 g ^ X 

to allow for the < / 

above effects for *1 ^ 

various types 

of halogen-carbon 

linkings in the mole- -25 / . 

cules. The results 

obtained in this 

present investiga- 

tion bring^ out 

certain additional 75 

points. For methyl 

and ethyl halides Dih^ilidc SerU^- 

the graph of the ^ ^ ^ — ' 

deviations of the — • ^ 

experimental sus- -5 Momhalide Series, 

ceptibility values q 

from the Pascal | /j 20 25 30 35 40 45 5g — 55 

additive values ACcmh A^umber of Halogen, ^ 

plotted against the 

atomic numbers of ' ^ 


20 25 30 35 40 

ACcmio A^ umber of Halogen, 


the halogen atoms 
indicates that some 
correction may be 
needed in Pascal's 
constitutive con- 
stants. Figs. 2 (^ 1 ) 
and 2 ( 6 ) represent 
the deviation curves 
obtained in this 
way. The devia- 
tions were calcu- 
lated from the 
diherence' between 
the experimental 
susceptibility values 
given in Table II, 
column 7 , and the 
sum of the individ- 
ual atomic suscepti- 
bilities (Table II, 
column 2 ) as cal- 
culated by Pascal's 
method,* The sum 
of Pascal's atomic 

* I.C.T., Vol. VI, 
p. 349, gives the 
Pascal atomic and 



atomic group sus- 
ceptibilities. 


Fig. 2(fe), 



446 DIAMAGNETIC SUSCEPTIBILITY OF HALIDES 

susceptibilities represents the molar susceptibility of the compound without 
allowance for constitutive effects within the molecule. 

A number of interesting points may be noted from the deviation curves. 
For both methyl and ethyl monohalides the very slight deviation indicates 
that there is only a very small constitutive effect of between two and three 
units of atomic susceptibility, an effect that is appreciably the same for 
chloro-, bromo- and iodo-compounds. This constitutive effect was con- 
sidered by Pascal to be due to the interaction of hydrogen and halogen 
within the molecule serving to lower the diamagnetism, but he derived 
Ms constitutive constants from investigations of the higher alkyl halides,® 

TABLE IL* 

Comparison of Experimental and Theoretical Magnetic Susceptibilities. 


— 10® Theoretical. 


I 

Compound. 

2 

3« 

3b 

4 

5 

6 

7 


Pascal 

Pauling 

Pauling. 

Gray and 
Cruickshank, 

Slater. 

Angus. 

Expt. 

CH4 . 

177 

19*4 

19*8 

17*7 

18*7 

17*2 

16 xc 

CH3CI 

34-9 

39-5 

40*0 

— 

36*2 

32-5 

32*0 a 

CH2CI2 

52-1 

59'4 

6o*7 

46*6 

53*8 

47-9 

46*6 a 

CHCI3 

6g*2 

79-3 

81*1 

6i*4 

71*4 

63-3 

(■58*86 

\58*3<* 

CCl, . 

86*4 

99*6 

ioi‘5 

75-9 

88*9 

78*6 

66*8 

CHaBr 

45*4 

6i*i 

62*1 

— 

49*0 

- 45-0 

42*8 a 

CHoBia 

73-1 

102*6 

104*6 

68*1 

79-4 

72*7 

65*9 a 

CHBra 

100*7 

144*2 

147-1 

93-5 

112*2 

100*5 

82*2 c 

CBr4 . 

128*4 

185*8 

189*7 

ii8*g 

140*2 

128*3 

93*7 c 

CH3I . 

59-4 

83*7 

85‘0 


66*2 

61*3 

57-2 « 

CHjIa . 

! lOI'I 

147*9 

150*5 

97*0 

113-8 

105*3 

93-5 « 

CHI3 . 

142*7 

212*1 

215*9 

136*8 

i6i‘3 

149-4 

II7-3C 

Cl, . . 

184*4 

276*3 

281*3 

' 176*2 

208*9 

193-5 

135*6 a 

C2H3CI 

46*8 

54-1 

55*0 

44*0 

50*1 

45-0 

45'QXc 

CjHsBr . 1 

57-3 

75*8 

77‘X 

54-8 

62*9 

57-4 ! 

55-5 c 

C3H3I . . 

71*2 

99*4 

100*0 

69*2 

So*i 

73‘7 

63*5 c 

CeHjCl 

i 

70*7 

93*9 

i 99*8 c 

1 95*0/ 

f 87*9 « 
151-5/ 

86*7 

75-7 

69*90 

CeHjBr 

81*2 

115*6 

( 121*6 e 

\ 117*0/ 

/ 98-7 « 
t62*2/ 

99*5 

88*1 

78*9 c 

w . . 

95-2 

138*2 

i 144-4 -s 

1 139-9/ 

( 113*0 

1 76*6/ 

1 1 6*7 

104*4 

91*3 


* In, columns $b and 4 two different values are given for the theoretical susceptibilities of the benzene 
derivatives ; (e) refers to the internal ionic form, and (/) to the benzenoid form. 

Of the experimental values {a) are those given by Pascal, (c) those of the present paper, and (f') a 
previously recorded value given by Trew. Values marked x are extrapolated ones. 


which give a value of 3*07 for the linking — Cl, and 4-08 for the cor- 

responding bromo-, and iodo-compounds. The above deviation curves 
indicate that for the first two members of the alkyl series the constitutive 
effect is rather lower {i.e, deviations of 2*9 for methyl chloride, 2*6 for 
methyl bromide, and 2-2 for methyl iodide, and 176, 1*75, and 272 for 
ethyl chloride, bromide, and iodide respectively). The deviations are 
very nearly constant for all three types of compounds. 

In the case of the dihalide deviation curves it will be noted that the 
constitutive effect due to the halogen-hydrogen interaction is approximately 
double that in the monohalide series, and in addition the curves shovr a 
small but systematic rise in deviation on passing from chloro- to iodo- 
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compounds. Here, in addition to the small halogen-hydrogen interaction, 
there is the possibility of a halogen-halogen interaction; a deformation 
of the halogen atomic fields due to a polarisation effect with consequent 
lowering of diamagnetism. This effect, as the curves show, is greater for 
iodine than for bromine and chlorine, in agreement with the theoretical 
view of the greater polarisability of the iodine atom. The rapidly in- 
creasing slopes of the deviation curves for the tri- and tetrahalide series 
for the methyl compounds, and the incomplete tetrahalide and hexahalide 
curves for the ethyl compounds show that this polarisation effect increases 
with the introduction of more halogen atoms into the molecule. The 
straight line character of the deviation curves indicates the systematically 
additive nature of these deviations which are proportional to the atomic 
number of the halogen producing them. From the graphs, constitutive 
correcting constants could be derived for the various types of linkings 
with one or more halogen atoms present, but since these will obviously 
depend on the number of halogen atoms present and will be modified if 
hydrogen atoms are also present in the molecule, the attempt to deduce 
such constants is probably of no great value. The graphical representation 
of the general trend of these effects seems of more use and fully supports 
Pascal’s suggestion made on a more restricted field of material, of two 
superposed effects within molecules of this type. The larger effect is, 
hovrever, not the halogen-hydrogen interaction, but the polarisation 
effect due to the influence of halogen on halogen. 

An interesting point in connection with this very much greater depres- 
sion of magnetic susceptibility obtained when two or more halogen atoms 
are present is found in Pauling’s views ® on the possible resonance forms 
of the alkyl halide molecules. He points out that in a methyl halide with 
only one halogen atom the possibility of resonance to the double-bonded 
structure is prevented as there are only four orbitals available for bond 
formation. With two or more halogen atoms present, however, resonance 
to molecules of the type (I) may occur. Thus the halogen-hydrogen 
interaction in monohalogen compounds is not to be ascribed 

to double-bond formation, and the depression, in any case, C=X+ 

small, is more likely to be due to a general limiting of the i 

electron spread in the molecule with the introduction of the ^ 

halogen. With the addition of more halogen atoms the 
possible resonance to the form indicated above would tend to 
produce the very considerable lowering of diamagnetism associated with 
the double bond a maximum of 5-47 per complete double bond accord- 
ing to Pascal’s determinations). Thus it is of interest that in the dihalide 
series the deviation for the most deformed molecule CH2I2 (which would 
be expected to show the greatest double bond forming tendency) is 8*6 
susceptibility units, which is greater than that of the monoiodo-compound 
CH3I by 6*4 susceptibility units, a figure of the same order of magnitude 
as that given by Pascal for the double bond. The very much greater 
magnitude of the deviation for the tri- and tetrahalide series, however, 
indicates that polarisation of the halogen atoms themselves must also be 
a cause of lowering of diamagnetism. 

When the curves for the susceptibility of the aryl halides are con- 
sidered (Fig. I (&)) an additional effect not found with the alkyl halides is 
noted. These show a lowering of molar susceptibility of the same order 
of magnitude as the monohalogen compounds of methane and ethane, 
but unlike the alkyl compounds, there is a definite increase in the deviation 
in passing from aryl chloride to iodide. Thus it would appear that a larger 
benzene constitutive correcting constant should be employed for the 
aryl bromides and iodides than for the aryl chlorides. This result is in 
line with evidence from the dipole moments. While the nionosubstituted 
methyl halides all have approximately the same dipole moment, 2-14^ 

^ Pauling, Nahtre of the Chemical Bond, 1942, 217. 

16* 
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2*15 and 2*13, there is a fall in moment in the aryl halides from 1*56 to 
1*38. Wliether the fall in moment is due to a shortening in distance be- 
tween the carbon and halogen or to a lessening of the charge Ae, the effect 
from both causes would produce a fall in the diamagnetic susceptibility. 
Shortening of the linking would cause decrease in the electron spread 
and lowering of susceptibility, while decrease in the effective charge Ae 
would cause a lowering of susceptibility since it has been pointed out ^ 
that homopolar atoms have a susceptibility some three units lower than 
heteropolar ones. 

Comparison with Theoretical Susceptibilities. 

A number of methods for calculating theoretical molar mass sus- 
ceptibilities are available, all based on the classical formula : — 

z = — 

but differing in the method of arriving at the value of Thus van Vleck 
and Pauling have developed one method of obtaining the value of 
whence 

roo 

X ~ 0-807 X io“® I r^{dzldr)(lr. 

Jo 

Using the most accurate values for the physical constants involved 
including the value 0*5292 x io“® cm. for have calculated the 

theoretical susceptibilities by this method. The values are tabulated 
in Table II, column ^a, while in column 36 have been included values 
obtained by allowing for the unequal sharing of charges in the molecule 
as in the Gray and Cruickshank method which is discussed below. It 
will be noted that the unequal sharing of charge causes the susceptibility 
to be slightly higher, but the effect is small and does not mask the funda- 
mental disagreement between theoreticab and experimental values. 

It is generally considered that the Pauling method gives suscepti- 
bilities which are too high, and a method due to Slater using modified 
values for screening constants in calculating gives susceptibility values 
which are considerably lower. These are summarised in column 5 of 
Table 11 . These values, as in the other cases, are considerably too high 
for the heavier molecules. Angus suggested that theoretical suscepti- 
bility values could be brought into closer agreement with experimental 
values by taking the 5 and p electrons separately in calculating the 
screening constants. Values calculated by this method using Angus's 
atomic susceptibility values are given in column 6 of Table II. 

None of these methods can be strictly applied to a non-symmetrical 
molecule, neither is allowance made for bond effects in the molecule, and 
hence such effects may partially explain the high values obtained 
theoretically. The only system available so far, for calculation of bond 
effects is that of Gray and Cruickshank who found it gives excellent 
agreement for a number of simple organic compounds. It was therefore 
considered useful to extend this method to this series of halogen com- 
pounds. In all cases their bond depressions, where available, have been 
used, but values for the halogen-carbon link were not available and have 
therefore been calculated in each case from the monomethyl halides where 

Van Vleck, Physic. Rev,, X928, 31, 587. 

Pauling, Pfoc, Roy. Soc. A, 1927, 114, 181. 

R. T. Birge, August 1941. See Taylor and Glasstone, Physical Chemistry, 
Vol. I, p. 21, and Appendix. 

Slater, Physic. Rev., 1930, 36, 57. 

Angus, Proc. Roy. Soc. A, 1932, 136, 569. 

Gray and Cruickshank, Trans. Faraday Soc., 1935, 31, 1491. 
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there is no possibility of interhalogen interaction. These theoretical 
values are given in Table II, column 4. 

It will be noted in general, that of the methods which do not take into 
account the bond depressions, that of Angus gives results which are on 
the whole closest to the experimental susceptibilities of the present paper 
and of other recent work in this field. Even here, as with the other 
methods, theoretical values for compounds with more than one halogen 
atom present are higher than the experimental, an eEect obviously due 
to the halogen-halogen interaction previously discussed. In the Gray 
and Cruickshank method, where bond depressions have been included, 
a similar result is obtained. Agreement is fair for the lower members 
of the series, but as before, an increasing divergence between theoretical 
and experimental values occurs as more halogen atoms are added. 
Attempts to evaluate bond depressions for the Slater and Angus methods 
also resulted in a divergence for the polyhalides though of a smaller 
magnitude. 

It is therefore in question whether any standard set of bond depressions 
for such types of compounds can be evaluated, and it is probable that no 
general scheme can be evolved to bring the theoretical and experimental 
susceptibilities into alignment until exact theoretical calculations are 
available for the halogen-halogen polarisation. 


Summary. 

1. Modifications are described in the Gouy method of measuring 
magnetic susceptibilities in precision work with liquids, details of the 
experimental conditions leading to the maximum degree of accuracy 
being given. 

2. The suitability of various substances for use as standards is dis- 
cussed, and the advantages of agreement among different workers on a 
common substance for this purpose, with an accepted susceptibility value 
is stressed. 

3. Results for the determination of the susceptibilities of various 
alkyl and aryl halides are given, and where such measurements have not 
been possible in a given series, a value for the susceptibility is suggested 
from the graphical relationships. 

4. A theoretical discussion on the significance of the results follows, 
and it has been shown that there is an increasing divergence between the 
experimental susceptibility values and the theoretical values calculated 
by any of the difierent methods available, with increasing number of 
halogen atoms in the molecule. The importance of this phenomenon 
which appears to be due to the polarisation effect of one halogen on 
another, and which was first noted by Pascal, has been confirmed. 

Laboratory for Physical Chemistry y 
Bedford College, 

Regent’s Park, London, N,W. i. . 



MULTIMOLECULAR ABSORPTION. 

By a. B. D. Cassie. 
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1. Introductory. 

The absorption of gases at pressures of the order of the saturation 
pressure of the gas has proved less amenable to theoretical treatment 
than their absorption in monomolecular layers at low pressures. The 
general description of the phenomena is clear enough : some of the mole- 
cules are absorbed on to low energy sites, and as the gas pressure is 
increased molecules begin to condense on those already absorbed. The 
fundamental problem is to account for the condensation of molecules 
in excess of the monolayer. Brunauer, Emmett and Teller ^ have shown 
that the hypothesis of dipoles induced in the condensed molecules by 
those absorbed on low energy sites is inadequate to account for the con- 
densation. They suggest that forces similar to those in the liquid state 
give the condensation, and assuming the multilayers to be identical with 
the liquid in bulk, they deduce an equation for the absorption isotherm 
by balancing evaporation and condensation for each layer. Their iso- 
therm equation agrees very well with empirical isotherms ; in particular, 
it has the sigmoid shape characteristic of empirical multimolecular iso- 
therms. 

The evaporation condensation mechanism appears plausible and gives 
agreement with experimental results, but the presence of liquid layers 
exerting a pressure less than the saturation pressure of the liquid requires 
considerable thermodynamic justification ; for their existence in equi- 
librium with a vapour pressure less than the saturation pressure means 
that their free energy must be less than that for the liquid in bulk ; and 
this immediately contradicts the assumption that they are identical with 
the liquid in bulk. The contradiction could be overcome if the entropy 
of the molecules in the liquid form was increased on absorption, because 
the increase in entropy would give the necessary decrease in free energy 
without requiring a change from the liquid form. The presence of identical 
molecules on low energy sites does, in fact, give the required increase of 
entropy ; for the molecules in the liquid state can interchange with those 
on the low energy sites to give an entropy of mixing. It is this entropy 
of mixing that makes possible the condensation of molecules in the liquid 
form in the presence of molecules on low energy sites at pressures less 
than the saturation pressure of the liquid, and the corresponding free 
energy of mixing will be used in the present paper to deduce equations 
for multi-molecular absorption isotherms. 

2. The General Method. 

Multi-molecular absorption occurs when the pressure of the absorbed 
gas is comparable with the saturation pressure of its liquid : thus, if 
is the saturation pressure of the liquid at the temperature at which a vapour 
pressure isotherm is obtained, the pressure, p, for the isotherm ranges 
from zero to The energy of a molecule in the bulk liquid is therefore 
a convenient zero of energy, and it is often useful to refer to the absorbed 
gas-solid system as the liquid -solid system. 

The assumption made to deduce the theoretical isotherm is that if 
A mol. of the pure liquid are absorbed by unit mass of the solid, X are 

Brunauer, Emmett and Teller, J.A.C.S., 1938, 60, 309. 
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absorbed on to low energy sites, and (A — X] are absorbed on to sites 
identical with those available to the molecules in the pure liquid. It is 
a generalised form of the assumption made by Brunauer, Emmett and 
Teller,^ and implies that the forces giving the low energy sites are short 
range forces, or that the system is such that long range forces do not give 
a range of energies of absorption. 

The first problem is to decide whether X is to be an independent or 
a dependent variable. The system, including the gas phase, has two 
degrees of freedom : if the temperature is fixed, the solid-liquid ratio 
may be varied, but for any value of the temperature and solid-liquid 
ratio, the pressure is determined, and the number of degrees of freedom 
is therefore two. According to the phase rule, the number of phases 
must equal the number of components for a system of two degrees of 
freedom, and if the solid and liquid are taken as the components, there 
can be only two phases ; one is the gas phase, and the absorbate together 
with the absorbent can form only one phase. Thus, if the molecules in 
the liquid multilayers are to be identical with those in the low energy 
layer, the two, together with the absorbent, must be treated as one phase, 
and X becomes a dependent variable determined in terms of A by the 
condition that the distribution of the absorbed molecules between the 
low energy sites and the liquid sites must be such as to make the free 
energy of the phase a minimum. 

The free energy, F, of this phase is the sum of three free energies : 
the free energy of the molecules in the liquid form, jpg that of the 
molecules in the low energy form, and F-^, the free energy of interchange 
or mixing of the molecules in the liquid with those in the low energy form, 
F is therefore given by : 

F = F^ + F, + F^ . . . . (I) 

The chemical potential, of the absorbed molecules is given by 
differentiating (i) with respect to A, or by ; 

“ -hA’ iX'hA’ 


but the condition that X should be such as to make the free energy of the 
phase a minimum for any given value of A gives : 


and 


TiF 


(2) 

(3) 


The free energy of mixing is readily derived because the mixture is 
perfect according to Fowler and Guggenheim's definition. The inter- 
change of a molecule on a low energy site with one on a liquid site involves 
no change in energy, and as the molecules are of the same size on either 
site they fulfil the conditions for a perfect mixture. The statistical 
problem is therefore to determine the number of ways of distributing 
X sites' of one kind and (A — X) of the other amongst A molecules. It is : 


g{X. (A - X}} 


A ! 


Xi(A -X) 1 

and the free energy of mixing is given by — FT log (g), or by : 

^ ^ log ^ + X log Z + - JST) log (A - Z). 


The free energy of the molecules in the liquid may be written : ^ 
= -(A-X)logj^ . . . . 


RT 


(4) 


(5) 


® Fowler and 
Ch. VIII. 


Guggenheim, Statistical Thermodynamics, Cambridge, 1939, 
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where A is the partition function for molecules in the liquid, including 
the configurational partition function. The free energy of the molecules 
in the low energy state depends on the form assumed for this state : if 
the molecules are on localised sites, the free energy expression will be of 
one form, if they are mobile, it will be of another. If it is of the simple 
form assumed for the liquid in equation (5), no absorption isotherm is 
possible. Thus if JFs is written : 

-^S 1 • 

RT~ jRjT 

Where w is the heat evolved per mol. of molecules adsorbed into the low 
energy state, and jx is the partition function for these molecules which 
is assumed independent of X, Equation (2) now gives : 

^ hie-wlRT 

^ h 

or = + j 3 ') . , . . . (7) 

where is given by : 

R' ( 8 ) 

3 x 

Equation (3) gives the chemical potential of the absorbed molecules as : 

^ = log - log;i. . . . (9) 


The chemical potential can be related to the pressure in the gas phase 
by the usual procedure. Thus, the potential of the molecules in the 
gas phase may be written : ^ 

Ala == a + Rr log j?? . . . . (10) 

where a is a function of temperature but not of pressure. Equating 
/iQ and /ta gives : 

i?riog^^^-Jiriog;i, = a + J?riogjb. . . (II) 


For the pure liquid, X is zero and equation (ii) becomes : 

— RT log ji'i = a 4 - RT log pQ, 
and subtracting (12) from (ii) gives : 

p A -X 

Po A ' . . . 

Substituting for X from equation (7), gives for the isotherm : 

p „ r 

^0 I 4 - ' 


(12) 


(13) 

(14) 


or there is only one pressure at which absorption can occur and the extent 
of the absorption is independent of the pressure. 

One concludes, then, that the condition for an isotherm to exist is 
that the free energy of one of the two states must depend on the number 
of molecules per unit volume of the state, and not merely on the total 
number of molecules as has been assumed in equations (5) and (6). The 
low energy molecules are usually assumed to be those with a free energy 
depending on the number of molecules per unit volume, and this procedure 
will be followed here. 

This result can, of course, be deduced directly from the phase rule. 
If the free energies for both states of the absorbed molecules are inde- 
pendent of the number of molecules per unit volume, there can be no rela- 
tion between the amount of absorbate and absorbent ; the absorbent 
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therefore becomes a separate phase and the number of degrees of freedom 
is reduced to one. 


3. Multimolecular Absorption with Localised Sites. 


If there are B localised sites per unit mass of the absorbing solid, the 
free energy for X molecules absorbed on to the sites is given by : ® 

-j 3 iogB + xiogAr + (s-x)iog(s-;f)-xiogyg-g (15) 

where the zero of energy is that for molecules in the liquid state, w is the 
heat evolved when one mol. of molecules is absorbed from the liquid 
state on to the localised sites, and is the partition function for a mole- 
cule absorbed on to the sites. Using this value for Fg in equation (r), 
and the expressions (4) and (5) for Pm and Pj., the condition (2) for the 
free energy of the phase to be a minimum becomes : 

(A - X}(B --X) = ^X^ . . . (16) 

where P . . . . (17) 


As equation (15) does not contain A explicitly, the chemical potential 
of the absorbed molecules will again be given by Equation (g), and the 
ratio of the vapour pressure to the saturation vapour pressure will be given 
by (13). X is, of course, determined by equation (16). Solving (16) 
for X, taking the lower root of the equation which corresponds to the 
minimum free energy, and substituting in (13) gives the isotherm 
equation as : 



Bp 

{p> + {I 


(18) 


Equation (18) is identical in form with that derived by Brunauer, 
Emmett and Teller ^ for multimolecular absorption using their evaporation- 
condensation mechanism. B has the same interpretation on both analyses, 
although the present analysis does not restrict the sites to a surface. They 
may be distributed throughout the solid as in a hygroscopic gel, and the 
theory may be used to analyse the absorption isotherms of gels ; an 
example of this analysis is given in another paper.* 

Brunauer, Emmett and Teller obtained the coefficient jS in terms of 
uncertain evaporation and condensation coefficients whereas it is given 
here in terms of the heat of absorption on to the localised sites and the 
ratio of the liquid to the localised partition functions. A more direct 
physical interpretation may be obtained by writing it in terms of char- 
acteristic vapour pressures rather than in terms of partition functions. 
Thus, equation (15) gives the chemical potential, of the localised 
molecules when mixing is absent as : 

Us = RT log — RT log js — w, . . (19) 

and the vapour pressure in equilibrium with the localised molecules is 
obtained by equating /tg to /xq as given by (10). A characteristic vapour 
pressure for localised sites is that, when one half of the sites is occupied ; 
X is then JP, and equations (19) and (10) give ; 

— RT log js -- w ^ a, A- R'l' log P\- . . (20) 

® Fowler and Guggenheim, Statistical Thermodynamics, Cambridge, 1939, 
Ch. X. * Cassie, following paper. 
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Subtracting (12) from (20) gives : 

B .... (21) 

js ^ pQ 

so that p is the ratio of the vapour pressure required to fill one half of the 
localised sites when mixing is absent, to the saturation vapour pressure 
of the pure liquid. 

When pQ is large compared with p:^ and p, equation (18) reduces to the 
Langmuir isotherm. When it is large compared with the isotherm is : 

^- pt+p-p-ip. ■ ■ ■ ■ (“) 

which is similar to Langmuir's isotherm until p approaches p^ when A 
increases rapidly. This extreme sigmoid isotherm is well illustrated by 
Katz’s experiments ® on the absorption of water by quartz and anorthite. 
His curves show that p^ is very small compared with the saturation pres- 
sure of water vapour, and as p is increased towards p^ the absorption 
rapidly increases. The results of Lehner and McHaf&e ® on the absorption 
of water by platinum, amalgamated platinum, and amalgamated silver 
also provide examples of the extreme sigmoid isotherm. They were 
unable to detect absorption on these surfaces until a high relative humidity 
was attained when absorption increased rapidly with increasing vapour 
pressure. The authors concluded that a critical vapour pressure was 
required before absorption occurred, but it is clear that they were dealing 
with a system in which p^ is very small compared with p^^, and that they 
were unable to detect the small amount absorbed on to localised sites ; 
when, however, p was increased until it approached p^, the absorption 
increased rapidly in accordance with equation (22) . 

Another special case of equation (18) arises when is equal to p^) 
p is then unity, and the isotherm becomes : 



which is the isotherm for a perfect solution. 

Intermediate values of p give curves of varying sigmoid shape, and a 
large amount of experimental data is available for these isotherms. 
Brunauer, Emmett and Teller ^ examined much of it for the absorption 
of argon, nitrogen, carbon dioxide, and other gases by catalytic and other 
surfaces at low temperatures. They found excellent agreement of the 
empirical isotherms with those predicted by equation (18). Their ex- 
amination need not be repeated here although it may be taken as con- 
firming the present theory. The coefficient B has the same interpretation 
on both analyses, but it may be pointed out that its value is most readily 
deduced from empirical isotherms by use of equation (13) : this equation 
determines X for any point on the isotherm, and the limiting value of X 
as A is increased gives a good approximation to B. The values so de- 
duced are not significantly different from those given by Brunauer, Emmett 
and Teller. When B is known, p may be determined from equation 
(16). Equation (16) can also be used to determine both B and j8 when 
the values of X for two points on the isotherm have been obtained from 
equation (13). 

In their interpretation of the empirical data, Brunauer, Emmett 
and Teller assumed that the evaporation and condensation coefficients 
were such that ,p would be given by This assumption would be 

true if were equal to but localisation of the molecules is likely to 
decrease the partition function considerably. A rough estimate of the 

® Katz, Proc. Acad. Sci. Amsterdam, 1912, 15, 449. 

® Lehner and McHaffie, /. Chem. Soc., 1925, 127, 1568. 
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decrease and its effect on jS can be obtained by use of the oscillator model 
for the liquid and for the localised molecules. If the internal degrees 
of freedom, including rotations of the molecules, are assumed the same 
in the gas, liquid and localised states, the partition function for the liquid 
may be written ; * 

where is the partition function for the molecules in the gas state, and 
is an effective vibration frequency for the three harmonic oscillations 
replacing the three translational degrees of freedom. The term e appears 
because the molecules are not localised in the liquid. Similarly the 
partition function for the localised molecules may be written : 

’■-iB'- <«> 

where vg is the corresponding effective vibration frequency, p is now 
given by : 

JS= (26) 

The hypothesis of localised sites requires the minimum value for vg 
to correspond to a characteristic temperature, hvjk, of twice the working 
temperature or more. Thus, absorption of argon at 100° K. would 
require a characteristic temperature of 200° K, or more, and the minimum 
value of vg would be 4 x 10^^ per sec. 

The effective vibration frequency for the liquid state is more difficult 
to estimate. If the chemical potential, for the saturated vapour be 
written in the usual form : ^ 

110= -RT log _ RT logio + X + fir log ^ 0, (27) 

where the zero of energy is that of molecules in the pure liquid, and x is 
the heat of evaporation, equations (5), (24) and (27) give : 

. . . (28) 

{kT)i e 

which may be compared with the relation corresponding to Tronton*s 
rule : ^ 

X lo^o dynes/cm.® . . . {29) 

to give Comparison of equations (28) and (29) give for argon at 
90° K. as around 1*3 x 10^® oscillations per sec. 

These values pf and vg when inserted in equation (26) give the factor 
(»'b/^i.)® . <? as of the order of 50 or more. Hence, even without any sup- 
pression of rotational degrees of freedom on localisation, the assumption 
that p is given by is likely to err considerably, and Brunauer, 

Emmett and Teller's values for w are likely to be much too small. Com- 
parison of their values for the absorption of argon, nitrogen and carbon 
dioxide on silica gel with the measured values of Magnus ’ shows that 
they are, in fact, too small : Magnus gives w as 1000 cal. per mol. for A, 
1700 for Na, and 3000 for CO2 as compared with the values 600, 800 and 
1300 cal. deduced by Brunauer, Emmett and Teller. Assuming Magnus' 
values to be correct, and using Brunauer, Emmett and Teller's values for 
p in equation (17), the ratio of and jg is found to be 10 for A, and 100 
for Na at 90° K., and 1000 for CO2 at 195° K. The value for A seems 

’ Magnus, Z . physihal Chem., A , 1929, 143, 265. 



MULTIMOLECULAR ABSORPTION 


456 

rather small, whilst the large value for CO2 suggests that rotation of the 
molecules may be suppressed to some extent on localisation. 

It is worth remarking that the heat of absorption of molecules on to 
localised sites is usually large and if the ratio of to were determined 
solely by the heat of absorption, it would usually be small, and the iso- 
therms would usually be of the extreme sigmoid form obtained by Katz ® 
for absorption of water vapour by quartz and anorthite. The decrease 
of the partition function on localisation compensates considerably for the 
large heat of absorption and increases p^ to such an extent that normal 
sigmoid curves become the general rather than the exceptional form for 
multimolecular isotherms. 


4. Multimolecular Absorption on a Mobile Monolayer. 

The free energy function for a mobile monolayer depends on the form 
of the monolayer, and the form assumed here is that of a perfect gaseous 
film. It is doubtful if a condensed monolayer could lead to an absorption 
isotherm, as the free energy for such a film does not depend on the number 
of molecules per unit area, and a suitable free energy function would lead 
to a result similar to that of equation (14), This deduction will hold 
whether the film be monomolecular or multimolecular, and it is interesting 
to note that Adam® remarks that in every case yet worked out, the 
absorbed films of soluble substances are of the gaseous type. There is, 
of course, no essential difference between the absorption of a solute at 
the surface of a solution, and absorption from the gas phase, and Adam's 
remark confirms our general conclusion that an absorption isotherm, or 
a surface absorption that varies with concentration can only occur with 
a monolayer whose free energy varies significantly with the number of 
molecules per unit area, as is the case for gaseous films. 

The free energy for a perfect gas film may be written : ® 

^ = - log^s + X (log x-i)-wx . . (29) 


where is the complete partition function of an absorbed molecule. 
Inserting this expression for in equation (i) and minimising F with 
respect to X gives : 


(30) 

Equation (13), relating A to the vapour pressure, is again unchanged 
as (29) does not contain A explicitly. Solving equation (30) for X and 
substituting in (13) gives the isotherm equation as : 


A = 

-pip<,r 


(31) 


The isotherm represented by (31) is totally different from that given 
by equation (18), It is everywhere convex to the pressure axis whereas 
that for the localised monolayer is strongly concave to the pressure axis 
for low pressures, and gradually changes with increasing pressure to the 
convex form. The literature does not contain many examples of isotherms 
of the form (31), and those that appear similar in form to (31) may not be 
due, in fact, to absorption on a mobile film ; for when B and are both 
small for absorption on to localised sites, the isotherm may appear every- 
where convex to the pressure axis merely because the measurements of 
pressure and of the amount of gas absorbed have not been sensitive enough 
to detect the low pressure region of the isotherm. If, however, the heat 
evolved when molecules from the liquid are absorbed is small or negative. 


® Adam, Physics and Chemistry of Surfaces, Oxford, 3rd ed., 1941, p, 116. 
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the monolayer is almost certain to be mobile; for equation (21) shows 
that if <jj is negative and jj^ is greater than ^g, as is required for localised 
sites, will be much greater than p^, and absorption would appear only 
at pressures greater than the saturation pressure. Hence absorption at 
pressures .less than p^ when accompanied by small or negative values of 
0) implies the presence of a mobile monolayer. 

The one example that clearly fulfils these conditions is the absorption 
of water vapour by carbon. Coolidge ^ has made careful measurements 
of the absorption of water by carbon, and he finds that at a given relative 
humidity it increases with increasing temperature, indicating a negative 
value for m. He finds, too, that the isotherms are totally different from 
normal isotherms in that they are everywhere convex to the pressure axis. 
It is clear, then, that in this case the monolayer is gaseous. Bangham 
has also concluded from his experiments on the swelling of charcoal on 
absorption of water vapour that the monolayer is of the gaseous type. 

Quantitative agreement of equation (31) with Coolidge's empirical 
isotherms is surprisingly good in view of the difficulty of obtaining repro- 
ducible isotherms for the carbon-water vapour system. Thus, Coolidge's 
tabulated empirical observations can be inserted in equation (31) to give 
values for j8. His observations at 100° C. give four values ranging from 
0-09 to 0*10, and at 156° they range from o*o6 to 0*07. The lower tem- 
perature isotherms give less consistent values for p, the mean at 61 ° being 
around 0*15, and at 20®, 0*2. The poorer agreement at the lower temper- 
atures is not surprising as the measurements are more difficult, and 
deviations of the monolayer from the perfect gas form will become more 
pronounced. 

The temperature variation of p will be primarily due to the exponential 
term, and the graph of log ^ plotted against the reciprocal of the 

absolute temperature should be linear. The values for the three highest 
temperatures do, in fact, lie accurately on a straight line whose slope 
gives CO as ~ 2200 cal. per mol. of water absorbed into the monolayer. 

The value of j8 depends, of course, on the area available to the mole- 
cules in the carbon. Thus, the complete partition function for a molecule 
in the gas film may be written : « 


2'nmkT kT . 

A* ■ K ■ ■ 


{32) 


where a is the area available per g. of carbon, and the term (kT/hv^) is 
the contribution of vibrations normal to the surface to the partition 
function. Equations (32) and (24) give : 

i = = a- e»/Hr. . . . (33) 

P ;i {kT) .e.vs 

The area available to the molecules could be estimated from the value of 
p, if vji and vg were known. The value of is probably around 
oscillations per second, and vg may be taken as around 4 x 10^* ; these 
values are probably no better than guesses for water, but they should 
indicate whether or not the observed values of jS are of the right order of 
magnitude. jS is o-i at 100° C., or i/jS is 10 mg. per g. of carbon, or 
roughly 3 x 10^® molecules per g. of carbon. Inserting these values in 
equation (33) together with a> as — 2200 cal. per mol., gives a as 2000 sq. 
metres per g. of carbon. McBain gives the surface of carbon as being 
as great as 10,000 sq. metres per g. and the rough calculated value of 
2000 sq. metres is a very reasonable one. 

® Coolidge, J.A,C,S,, 1927, 49, 712. 

Bangham, Proc. Roy, Soc., A, 1932, 138, 162. 

McBain, Sorption of Gases by Solids, Routledge, 1932, p. 13. 
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Summary. 

A general statistical method is given for dealing with the problem of 
a single species of molecule which may assume either of two forms in a 
single phase. The molecules may interchange between the two forms to 
give a free energy of interchange or mixing, and the distribution of the 
molecules between the two forms is determined by the condition that 
the total free energy of the phase should be a minimum. 

The method is applied to multimolecular absorption which takes place 
{a) in the presence of localised sites, or (&) on to a mobile monolayer. The 
equation deduced for the absorption isotherm with localised sites is 
identical with that deduced by &unauer, Emmett and Teller using an 
evaporation-condensation mechanism, although a more precise inter- 
pretation of the parameters in the equation is now possible. The equation 
represents a sigmoid curve which is concave to the pressure axis at low 
pressures. 

It is shown that a mobile monolayer must be gaseous to give an ab- 
sorption isotherm or to give surface absorption which varies with the 
concentration of the solute in the solution. 

The isotherm for multimolecular absorption with a gaseous monolayer 
is everywhere convex to the pressure axis. The absorption of water 
vapour by carbon seems to be the one example of this type of absorption 
which has been fully established by experiment. The empirical isotherms 
agree excellently with the equation derived theoretically. Heat is ab- 
sorbed when water molecules pass from water in bulk to the monolayer, 
the value per mol. being 2200 cal. The area covered by the gaseous film 
is also estimated. 
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1. Introductory. 

The theory of water absorption by textile fibres has varied from the 
solution hypothesis of Katz ^ to the capillary pore theory as applied by 
Hedges * to wool, and Peirce’s theory ^ that part of the water is localised 
at certain units in the fibre with a large heat evolution, whilst the remainder 
fills the spaces available under attractive forces like those in a liquid 
without heat evolution. Peirce’s theory is now the most commonly 
accepted one for textile fibres and Speakman * has recently applied it 

^ Katz, Kolloidchem. Bei., 1917-18, 9, i. 

^ Hedges, Trans. Faraday Soc., 1926, 22, 178. 

® Peirce, J. Textile Inst., 1929, 20, T133. 

* Speakman, Trans, Faraday Soc., 1944, 40, 6. 
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to an analysis of the absorption isotherm of wool. Peirce established 
his theory by an evaporation-condensation mechanism, and although it 
is plausible from this point of view, it requires considerable explanation 
when examined thermodynamically. The most important feature of 
the absorption of water by textile fibres is that they absorb large quan- 
tities of water when exposed to water vapour pressures less than the 
saturation vapour pressure for pure water ; they have, in fact, a water 
vapour pressure isotherm. This means that the free energy of the absorbed 
water must be less than that of liquid water at the same temperature. 
The free energy of the fraction absorbed with evolution of heat presents 
no difficulty, but it is difficult to account directly for the decrease in free 
energy of the fraction absorbed without evolution of heat. It could be 
assumed, of course, that this fraction is held in capillary pores, and 
Speakman * does refer to a fraction of the water as capillary water. His 
analysis postulates, however, a fraction of water absorbed on to localised 
sites with no evolution of heat, and as these sites are fully occupied at 
saturation pressure, the free energy for this part of the absorbed water 
must be much greater than that of liquid water. 

Peirce’s theory can be made consistent thermodynamically if the 
hypothesis of mixing ^ of the two fractions of water is used. This hypoth- 
esis has been applied successfully to a general analysis of multimolecular 
absorption and it leads to an equation for the absorption isotherm which 
is identical with that deduced by Brunauer, Emmett and Teller « for the 
particular case of multimolecular absorption on a surface using an evapor- 
ation-condensation mechanism. The present paper applies this hypothesis 
to an analysis of the wool absorption isotherm. 

Analysis of the isotherm cannot be made directly with the observed 
curve because, as Barkas ’ has shown, the vapour pressure observed 
for water absorbed in a rigid gel is considerably influenced by the mechan- 
ical constraint exerted on the water by the swelling of the gel. The 
mechanical constraint exerts a hydrostatic pressure on the absorbed 
water, and as this pressure depends on the degree of swelling, the observed 
water vapour pressure also depends on the degree of swelling. An analysis 
of the wool-water isotherm is therefore possible only when the observed 
isotherm has been reduced to that for water absorbed under one hydro- 
static pressure. 

2. The Wool-water Isotherm at One Hydrostatic Pressure. 

The change in hydrostatic pressure due to swelling can be calculated 
when the amount of swelling and the mechanical properties of the fibre 
are known. The swelling of wool fibres on absorption of water has been 
determined,® and Speakman » has given load-elongation curves for wool 
at various regains.* Poisson’s ratio is unknown, and to make possible 
an estimate of the change of hydrostatic pressure, it will be taken as 0*25, 
which is a usual value for solids. It is also necessary to make the rather 
drastic assumption that the fibres are isotropic in elastic properties. f 

® Cassie {preceding paper). 

® Brunauer, Emmett and Teller, J.A.C.S., 1938, 60, 309. 

’ Barkas, Trans. Faraday Soc., 1943, 28, 205. 

® W.I.R.A., private publication, 1923, No. 19. 

® Speakman, J. Textile Inst., 1927, 18, T446. 

* Regain is the amount of water absorbed expressed as a percentage of the 
dry weight. 

t Fiote added 26th March, 1945.— Since this paper was written, Mr, Warburton 
has been measuring the elastic constants of the closely allied keratin, horn, in 
these laboratories. He finds that a is around 0*35, and taking into account the 
anisotropy of the wool fibre as revealed by its small longitudinal swelling, the 
coefficient of EAr/r in equation (i) is found to be around 2, the value used for 
the calculations in this paper. The calculations are thus likely to be much 
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The values obtained for the change of hydrostatic pressure on swelling 
can thus be no better than estimates, but as any analysis of the isotherm 
must use an absorption curve that relates to one hydrostatic pressure, 
it is essential that the calculations be made. 

If A F is the swelling from zero moisture content, the change in hydro- 
static pressure, AP, is given by : 


where V is the volume of the fibres at zero regain, and A is their bulk 
modulus. Writing k in terms of Young’s modulus, E, and Poisson's ratio, 


a, gives : 


AP = 


JE ^ _ E ^ 

3(1 — 2ct) ‘ A (l — 2or) * r 


(I) 


where r is the radius of the fibre and Ar is the increase of x*adius on 
swelling; Ar/f is known,® and values for the product {E . Arfr) were 
obtained by reading the load in gm./cm.® at the known extension from 
Speakman's load-extension curves for wool at different relative humidities. 
Equation (i) then gives the change in hydrostatic pressure due to swelling. 

When the change in hydrostatic pressure is known, reduction of the 
observed vapour pressures to a common hydrostatic pressure is made by 
the usual thermodynamic relation : 


AP 


M, 



( 2 ) 


where /zq is the observed vapour pressure, h is the vapour pressure for a 
common hydrostatic pressure, and is the molar volume of the absorbed 
water. Inserting numerical values in (2), and taking as 18 c.c. gives : 


AP = 3»2 X io«logio^oA- ■ ^ • (3) 

Table I gives the reduction of the 25° C. isotherm for wool to a common 
hydrostatic pressure using equations (i) and (3), and Fig. i shows the 


TABLE I. — Reduction of Water Vapour Pressure Isotherm for 

Wool. 


Rel, Humidity 
%. 

Regain. 

%. 

Diam. 

Swelling 

%. 

Ap 

gm./cms.xio**. 

h 

h. 

25' 

° C. 


h 

nim, of Mercury. 

0-0 

0 

O'O 

0-0 

1*00 

1 

O’O 

0*0 

2*5 

2 

0*64 

4 

1*33 

0-6 

0-45 

12-0 

5 

2-0 

16 

3-15 

2-9 

0'92 

21 

7 

2-9 

22 

4*85 

5*0 

1*03 

35 

10 

4*4 

22 

4*85 

8^4 

174 

60 

15 

7*0 

21 

4*5 

14*4 

3'2 

78 

20 

10 

16 

3*15 

18-6 

5-9 

88 

25 

13 

14 

2*75 

21‘0 

ri 

95 

30 

16 

12 

2*35 

22*7 

9-6 

100 

33 

18 

10 

2*05 

23*8 

1 

II -6 


more accurate than was originally realised. King's work on the diffusion 
of water vapour through horn also confirms the analysis. I am indebted to 
Mr. Warburton and Mr. King for allowing me to quote their results before 
publication. 

Guggenheim, Modern Thermodynamics, Methuen, 1933, p. 63. ^ 

King, Trans. Faraday Soc., in the press. 
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observed and reduced isotherms. The outstanding feature of the reduced 
isotherm is that it is no longer a sigmoid curve. Much of the sigmoid 
shape of absorption isotherms of gels seems, in fact, to be due to the 
mechanical properties of the gel : the hydrostatic pressure increases as 
the swelling increases giving a rapid rise in the vapour pressure with re- 
gain ; but when the swelling exceeds a value depending on the swelling 
material, 4 % in the case of wool, the elastic modulus decreases so rapidly 
that the hydrostatic pressure decreases with further increase in regain ; 
the rate of increase of vapour pressure with regain then decreases to give 
the characteristic inflexion of the isotherm. Any reduction of the observed 
isotherm to one hydrostatic pressure must remove much of the sigmoid 
shape of the curve, and although the data of Table I may not be of much 
accuracy, the shape of the reduced curve is almost certainly correct. Thus 
the most uncertain factor in the calculations is the value chosen for cr, 
but a change in a does not alter the shape of the reduced curve. 



3. Hysteresis of the Wool Isotherm. 

Barkas ’ has suggested that the hysteresis shown by vapour pressure 
isotherms of gels is largely a reflection of the mechanical hysteresis of the 
gel. A straight-forward application of equation (3) to the absorption 
desorption isotherms indicates that this hypothesis is probably correct 
for wool. At a given regain, or at a given swelling, the hydrostatic 
pressure on the absorbed water will be greater during absorption than 
during desorption, and the observed vapour pressure at a given regain 
will be greater during absorption than during desorption. This qualitative 
description is in accord with experimental observations.^® A semi- 
quantitative investigation may be made from Speakman's hysteresis 
curves.^® If at a given regain, the relative humidity of the air in 
equilibrium with the absorption isotherm is and that in equilibrium 
with the desorption isotherm is Ha, equation (3) gives for the diflerence 
SP, in hydrostatic pressure on absorption and on desorption 

8P = 3*2 X loMogioi^i/jTs. . . . ( 4 ) 

Table II gives values of 8P determined by equation (4) and Speakman's 
absorption and desorption isotherms. They are seen to be of the same 
order of magnitude as the hydrostatic pressure changes, AP, due to swelling 


Speakman, J. Textile Inst., 1936, 37, T185. 
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TABLE 


of the fibre on. absorption of water. The values of AP in Table I were 
calculated from the known elastic properties of the fibres, whilst the 
values of 5 P given in Table II have been obtained directly from the 

hysteresis of the iso-^ 

II.—Hysteresis of Wool. 

of aP are smaller 
than those of AP, 
and, in fact, fit in 
very well with the 
hypothesis that ab- 
sorption hysteresis is 
a reflection of me- 
chanical hysteresis. 
SP increases rapidly 
as the regain de- 
creases, which is in 
accord with the poor 
recovery of wool at 
low regains from deformations imposed at higher regains, a phenomenon 
known, as “temporary set.'' No values are given below 5 % regain, 
as the isotherms are variable in this region, doubtless due to uncertain 
amounts of temporary set in the fibres. 


Regain 

%. 

Hi %. 1 

Ha%. 1 

dP 

(gm./cm2. x>o0). 

5 

i 

13 

9 

5*4 

7 

25 1 

18 1 

4-6 

10 

40 

34 i 

2*2 

15 

68 

61 ' 

1*4 

20 

87 i 

8z ; 

0*8 

25 

95 

93 i 

0*5 


4. Heat of Wetting and Swelling of Wool. 

Hedges ^ has measured the heat of wetting of wool, but part of the 
heat of sorption of water must be used to swell the fibres. Thus, if i g. 


C 



of liquid water is added to an infinite mass of wool at any given regain, 
the volume of the wool-water system is increased by approximately i c.c., 
an he amount of work done against the hydrostatic pressure is t/AP, 
where u is 1 c x Hedges gives values for Q, the heat evolved when i g. 
of wateys added to an infinite mass of wool, and the total heat of mixing 
water and wool is given by integrating the curve of (Q -j- z;AP) 
p 0 ed against regain. This has been carried through using the values 
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of AP given in Table I. The results are shown in the upper curve of Fig. 
2, the lower one giving Hedges' data. 


5. Analysis of the Reduced Wool Absorption Isotherm. 

The theory recently developed for multimolecular absorption ® using 
the hypothesis of mixing of water molecules in the liquid state with those 
on low energy localised sites can be applied directly to the isotherm for 
wool reduced to one hydrostatic pressure. If A mol. of water are absorbed 
by 100 g. of wool which contains B mol. of localised sites, X mol. are ab- 
sorbed on to the localised sites and (A — X) mol. are in the liquid state. 
Values of X may be determined from the isotherm and the equation ® 


p A -X 
Po A 


(5) 


where p is the water vapour pressure of the absorbed molecules and p^ 
is the saturation pressure of liquid water at the isotherm temperature. 
X must also fulfil the relation : ^ 


{A -~X)[B -Z) = . . . . (6) 

where j 3 is p^jpQ, p^ being the vapour pressure required to fill one half 
of the localised site when water in the liquid state is absent. If X is 
obtained from equation (5) for two points on the isotherm, B and ^ can 
be determined from equation (6). This equation may then be used to 
calculate X for any given value of ^ . 

Table III gives an analysis of the reduced wool absorption isotherm 
using the procedure outlined in the preceding paragraph. It is seen that 
there is excellent agreement of the values of X determined directly from 


TABLE III. — ^Analysis of the 25° C. Isotherm for ioo G. of Wool. 


A mol. 

R.H. 

%. 

Xmol. 

U) 

A mol. 

Ah 

(cal. X io2). 

w 

(cal. X io2). 

0*2 

2*1 

0*196 

o*ig6 

6*6 

33-6 

0-4 

5*0 

0*380 * 

0*380 

13 

34*2 

0-6 

9*1 

0*545 

0*547 

19 

34*7 

0-8 

I4'3 

0*685 

0*685 1 

25 

3^*5 

i-o 

20-3 

0*797 * 

0*797 

28*5 

35*8 

1-2 

26*3 

0*885 

0*877 

30*5 

35*0 


33*0 

0*94 , 

0*94 

31*5 

34*0 

1*6 

40*0 

0-96 

0*97 

— 

— 

i’8 

46 

0*97 

0*99 1 




* Used to determine B and p : B — 1-12 mol. ; == o*io. 

(1) From column (2) and equation (5). 

(2) From equation (6). 

the isotherm by means of equation (5) and those calculated with equation 
(6) . A further check on the values of X may be obtained from the heat 
of wetting curve. Fig. 2. If AH is the heat evolved when A mol. of liquid 
water are mixed with 100 g. of wool, AH is given by : 

AH = wX (7) 

where w is the heat evolved when i mol. of water is absorbed on to localised 
sites. If the analysis is correct, w should be a constant. The fifth column 
of Table III gives the values of AH from Fig. 2, and the sixth column 
gives values of w obtained from equation (7) and the values of X calculated 
according to equation (6). It is seen that w is almost constant, again in- 
dicating the correctness of the theory. 
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ABSORPTION OF WATER BY WOOL 


The value of B obtained from equation (6) is i'i2 mol, of localised 
sites per loo g. of wool. It is strikingly close to the number of CO-groups, 
I'li mol. per loo g., given by Astbury's analysis of the amino acid 
residues in wool, As the CO-groups are likely to be the most powerful 
water attracting groups in keratin, it is possible that the low energy sites 
are the CO-groups. Most of these groups are in the main chains of the 
molecules, and one obvious deduction from identifying them with the 
localised sites is that it should be difficult to modify the water absorbing 
properties of wool without destroying its fibre-like character. This 
deduction is found to be correct. Modification of the side chains of wool 
by acetylation or methylation produces no great change in its water 
absorbing properties.^* In fact, only destruction of the fibre gives a 
radical change in the sorption isotherm. 

The value of w, 3500 cal. per mol. may appear to be small for the 
heat of hydration of CO-groups, but there is no direct evidence other than 
that given by the present analysis for a value appropriate to the hydration 
of CO-groups in long chain molecules. 

The coefficient j 3 can be used to determine the ratio of the partition 
functions for the molecules in the liquid and localised sites. If j-^ be the 
partition function for the molecules in the liquid, and for them when 
localised, j 3 is given by ; ® 


jii " — 


( 8 ) 


The present analysis gives as o-i, and taking w as 3500 cal. per moL, 
the ratio of to is 33. This is not a very great decrease in the value 
of the partition function on localisation, although it must be remembered 
that liquid water has considerable structure and no great change in the 
partition function need be required to give localisation. 

It is worth noting that only the change in the partition function on 
localisation makes the vapour pressure of these molecules appreciable. If 
this change did not occur, would be given by or by 3 X 

and pressures of this order would be of little or no interest in textile work. 


Summary. 

It is shown that the water vapour pressure isotherm of wool is greatly 
influenced by the hydrostatic pressure on the sorbed water due to the 
mechanical properties of the fibres. An isotherm reduced to one hydro- 
static pressure is given, and it does not show the sigmoid inflexion of the 
experimentally observed curve. 

An investigation of the absorption-desorption hysteresis of wool 
suggests that this is largely due to the mechanical hysteresis of the fibres. 

The isotherm reduced to one hydrostatic pressure is analysed using 
the theory of multimolecnlar absorption. Agreement of the theory and 
experimental observations is excellent, and it is shown that there is on 
the average i‘i2 mol. of low energy sites per 100 g. of wool. This is close 
to the number of mols., i*ii, of CO-groups per 100 g, of wool, and it is 
suggested that the CO-groups are primarily the water attracting groups 
in wool. The heat of absorption of water on to the sites is 3500 cal. per mol. 

The author thanks Mr. B. H. Wilsdon, Director of Research, for much 
discussion of this work, and the Council of the Wool Industries Research 
Association for permission to publish this account. 

Wool Industries Research Association, 

Torridon, Headingley, 

Leeds 6. 

Astbury, /. Chem. Soc., 1942, 00, 339. 

Unpublished work from W.I.R.A. Laboratories. 



THE QUANTITATIVE RELATION BETWEEN THE 
ADAPTATIONS OF BACT. LACTIS AEROGENES 
TO TWO ANTIBACTERIAL AGENTS (methylene 
blue and proflavine). 

By J. M. G. Pryce, D. S. Davies and C. N. Hinshelwood. 

Received ^oth January, 1945. 

Proflavine and methylene blue ^ both increase the lag of BacL laciis 
aerogenes, and increase the mean generation time. Rapid adaptation to 
both drugs occurs and is reciprocal, adaptation to one conferring immunity 
to the other. This shows that the actions of the two drugs and the cor- 
responding adaptive processes have important elements in common, and 
indeed might be identical. 

There are, however, what appear at first sight to be important differ- 
ences in the modes of action of the drugs in the following respects : first, 
the relation of lag to concentration for proflavine follows a curve which 
rises very slowly at first and then turns asymptotically towards infinite 
values of the lag, whereas for methylene blue the lag concentration-curves 
are, within the considerable errors of experiment, not appreciably different 
from linear over a fairly wide range. Secondly, training at successively 
higher proflavine concentrations causes a displacement of the lag-con- 
centration curve by an amount equal to the value at which the cells were 
trained, whereas with methylene bine the degree of immunity attainable 
appears to reach a limit — which is approached at quite moderate training 
concentrations. The various quantitative relations are examined in this 
paper as closely as a somewhat erratic behaviour of the cells in methylene 
blue allows. A theoretical discussion on the lines already given for pro- 
flavine shows that in principle one should be able to predict the whole 
behaviour on training to methylene bine from the observations with 
proflavine, using only the data for the untrained cells iii methylene blue. 
Comparison with experiment shows a qualitative agreement that is rather 
striking, and a degree of quantitative correspondence which, although 
inexact is significant. From this one may conclude either that the theory 
is correct and that the data are insufficiently controlled, or, more probably, 
that the theory of a common adaptive process represents the maior part 
of, but not the whole truth. 


Experimental. 

The general methods of experiment were as previously described.^ The 
data in Figs, i and 3 were obtained by measuring the lags of various 
strains of Bad. lactis aerogenes in methylene blue or in proflavine over a 
range of concentrations. Except for the original untrained strain, the 
strains were obtained by 8-12 subcultures in presence of a given con- 
centration of methylene blue followed by one or two subcultures in the 
standard medium (phosphate, glucose, ammonium sulphate, magnesium 
sulphate) to remove methylene blue from the culture, lest methylene blue 
carried over should afiect growth in proflavine. In spite of frequent 
irregularities (in contrast with the regular behaviour of proflavine-trained 
cells) a pair of curves may be obtained for each trained strain, one repre- 
senting the lags in methylene blue, the other the lags in proflavine. The 
former type of curve is characteristically almost linear, as may be seen in 

^Davies, Hinshelwood and Pr\xe, Trans. Faraday Soc., 1944, 49, 397. 
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Fig, I,- while each of the second type corresponds to a curve which might 
be obtained by training in a concentration P' of proflavine, as shown in 
Fig. 3. Thus a training concentration m of methylene blue may be taken 
as equivalent to P' of proflavine as far as the adaptation provoked is 
concerned. 

The untrained cells in methylene blue give moderately reproducible 
lags only. The best values correspond approximately to the linear 
relation 

L - Lo — 3oni, 

where Lq is the (minimal) lag in the absence of the dye, L that observed, 
and m the test concentration of methylene blue (in mg^/litre). 

Fig. X shows that as the training concentration m is raised the lag 
concentration curves crowd together, i.e. there is a limit to the adaptation 



Fig, I, — Lag-concentration curves for various trained strains in methylene 
blue, m = training concentration ; m = test concentration (expressed in 
mgm. /litre. 

Values of m : Open circles, o ; full circles, 375 ; half shaded circles, 7 ; 
triangles, 14 ; dark rimmed circles, 148 ; crossed circles, 350. 

provoked. Fig. 3 shows that the equivalent proflavine training con- 
centrations P' increase much less steeply than m, and themselves also 
tend to a limit. The following discussion shows that the sh^pe of the 
lag-concentration curves, their spacing for different values of m, and the 
m-P' relation are interconnected. 

Discussion. 

In previous papers ^ we have assumed the cell to contain an adaptive 
system, consisting essentially of two interdependent enzymes (or a more 
complex system which may be idealised in this way). Enzyme i is re- 
sponsible for the synthesis of a diffusible substance — which will be referred 
to in this discussion as M — ^itself utilised for the synthesis of enzyme 2. 
The rate of utilisation of M by enzyme 2 follows the equation : 

R = hcjii -f he) 

2 Davies, Hinshelwood andPryce, Trans. Faraday Soc., 1945, 41, 163. 
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where c is the concentration of M built up by the balance of the processes 
of formation, utilisation and loss from the cell by diffusion or otherwise. 

The action of the drug is supposed to be in reducing the synthesis rate 
of en.zynie 2, without arresting the synthesis of enzyme i ,* this it does 
by cutting down the supply of M and reducing c, i.e. it lowers the produc- 
tion of M by en2:yme i without interfering with the actual growth of it. 
By assuming that division ’of the cell awaits the growth of enzyme 2 to 
some standard amount, and by setting down equations for the production, 
loss and utilisation of M— assumed to attain a steady concentration in 
the cell, it can be shown that this hypothetical enzyme model will have 
adaptive properties. During growth in presence of a drug an increased 
ratio of enzyme i to enzyme 2 would be established, and this change in 
enzyme balance would lead to an increased immunity to the drug. 

These assumptions can be used to relate the concentration of a drug 
(fulfilling the above conditions) with its efiect on the bacterial lag. The 
latter may not unreasonably be taken to be inversely proportional to the 
synthesis rate of enzyme 2 — ^which in turn will be linked with the rate of 
formation of its products. The hypothesis is made because we have 
cause to believe that the lag ends when the concentration in the cells and 
medium of some active substance attains, to a critical concentration. 
(The active substance is quite distinct from the substance M mentioned 
above.) 

We \vrite therefore 

L ^ AjR where A is constant . . • (i) 

whence 

i/L = {klA) . dl[i + he). 


Let Cy be the stationary concentration of M characteristic of a given 
strain of cells, in the absence of drug and in the condition of minimal lag. 
In presence of the drug a new stationary concentration c is set up given by 


Cy' — <^{m), ' . . . . (2) 

where ^(m) is a function of the drug concentration to be determined. 
We now have 


with no drug 
at cone, m of drug 
whence 


I _ ^ Cy 

Lq ~ ^ * I + hcy 
I _ A r Oy — 

L /I Li + h{Cy — 

L Aii>{ 7 n) 



( 3 ) 


This equation gives the increase of the minimal lag over normal when 
drug at concentration m is added to the medium ; k/A i& z. constant, 
while Cy is constant for a given trained strain, but varies from strain to 
strain. 

For proflavine it has already been shown that ^(m) may be taken simply 
as fm where / is a constant. This leads to results in agreement with 
experiment. It was also shown that Cy was simply related to the training 
concentration, P, by the relation Cy' ==/(54 + P). k/A was given the 
value lo-V/ approximately. Moreover it appeared that the effect of 
training was to restore the value of c in presence of the drug from its 
reduced value to the original value it would have had for untrained cells 
in the normal medium. 

The procedure for treating the results with methylene blue is as 
follows : we first determine the constants of equation (3) from the results 
of the experiments with proflavine, using <f>{m) — fm and the value for 
untrained cells, Cy = 54/. We then use the result for untrained cells in 
methylene blue, L — Lq = 30m, and by substitution in (3) obtain a series 
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of values of 0 (w) for difierent values of m. The relation of 4 >{m) to m 
is shown in Fig. 2, It is calculated for more than one value of the con- 
stant k (A . The reason for this is simply that the best value of the constant 
for proflavine does not correspond with the best for methylene blue, and 
we wish to see what effects variation in the constants may have. What 
appears, independently of the precise value of kJAj is that increases 
much less than linearly with m. It is precisely this property of the 
methylene blue that governs its behaviour in the other respects to be 
considered. 

The curve of <l>{m)/f against m can now be used to predict the effect 
of training in various concentrations of methylene blue. 

If a concentration of methylene blue, m, reduces c to the same extent 
as a concentration P of proflavine, then we have ^{m) — Ff. If, more- 
over, adaptation always restores c to its normal value, adaptation to 
m of methylene blue will be equivalent to adaptation to P' of proflavine 


50 


40 


30 

f 

20 


10 


0 £0 40 60 80 100 120 

m 

Fig. 2. — Relation of (j>{m) If to m. 

where = /p'. From the <^(m) //, m relation, we can therefore find 
the value of P' corresponding to any given m. 

In Fig. 3 the observed values of P' are plotted against m and com- 
pared with the calculated values for two values of k/A. The general 
form of the experimental curve is accounted for. Using the value 
I’O X 10“^ for k/A, the value already given for the proflavine experi- 
ments the quantitative agreement is very much less satisfactory than 
that given by a considerably smaller value of the constant. The smaller 
value can, however, be used fairly satisfactorily — ^though it is far from the 
best value — ^for proflavine, since the results are insensitive to the precise 
value of this constant. This will be shown later. Anticipating tins 
change, however, we will use the value 2*5 x 10 as a compromise between 
the best for proflavine and the best for methylene blue, and see how 
nearly the results for both can be expressed. Perhaps the most inter- 
esting point in Fig. 3 is the fact that theory indicates a limit to the degree 
of proflavine immunity producible by training in methylene blue. 

^ The predicted limit occurs at a value of p' = 54, while the actual one 
is just under 30. This may well mean that the reciprocal training is only 
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partial, and that, superposed on their common action, the two inhibitors 
exert specific actions. 

We now turn to consider the lags of methylene blue-trained strains in 
methylene blue. We will use the symbol m when referring to the test 
concentrations, and m for training concentrations. If the value of c in 
normal medium for untrained cells is at concentration m of the dye it 
will be given by 

~ 

If adaptation restores c to the normal value (as indicated by the pro- 
flavine experiments), on removal of the drug 0 will increase still further 
to expressed for a given trained strain by 

Cx = 4 - ^{m). 



Fig. 3. — delation of methylene blue and proflavine immunity. 

This is the value for c for the strain trained at m but tested in the normal 
medium without drug. If tested at a different methylene blue con- 
centration, w, we shall have 

c = Cl' — ^(w) 

= Cl + — ^(m). 

From the proflavine results % = 54/, whence 
c = 54/ + ^(m) — 

Combining this with equation (3) we obtain 

I _ k r {54/ + f _L ul 

(L -L„)~ A L iRw) ^54/ + 

The results calculated from this, taking kjA = 2-5 x 10-'// are shown 
on coi^arison with experimental values in Fig. 4, the values of Mm) 
and being taken from Fig. 2. Once again there is a good qualitative 
representation of the main features, namely the absence of a sharp increase 
of lag as with proflavine, and the tendency to reach a limit as the value 
of m is raised. Quantitatively the agreement is moderate only. The 
general spacing of the curves is more or less correctly given, but the shape 
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of the individual curves, especially at the higher values of m, is not so 
satisfactory. It must be borne in mind, however; that moderate changes 
in the form of will convert curves from the type convex to the m- 
axis to the concave type, with the linear type as an intermediate case. 
The form we have used for somewhat overemphasises the contrast 
between proflavine and methylene blue in respect of the form of the 
lag-concentration curves. The predicted ejffect of methylene blue at the 
highest concentrations is smaller than that observed : this may well be 
due to the fact — already envisaged as possible— -that, superposed on the 
common action of the two drugs, are specific actions of each. 

As stated above the value for kjA =2*5 x 10 taken as a compromise 
is not really the best representation of the proflavine results. It is, how- 
ever, not a wholly inadmissible one. This is shown by Fig. 5 where the 
experimental values for proflavine are compared with those given by equa- 
tion (3) with Cx — 54> and kjA ^ 2*5 X lo-^. The former was the value 



Fig. 4. — Calculated and observed families of lag-concentration curves for trained 

strains. 

originally used, and is the really important constant : the latter of less 
determinative significance, and can be varied within limits. 

Summarising the results of the calculations we may say that they reveal 
a significant correspondence between the behaviour of proflavine and 
that of methylene blue, and allow the semi-quantitative prediction of 
one type of behaviour from that of the other. Whether better numerical 
agreement would be obtained with more accurate results, or whether, 
superposed on the common actions of the two drugs, there are specific 
actions to which the theory is inapplicable is hard to say at present. But 
the above theoretical discussion would appear to cover a not inconsiderable 
. part of the truth. 

The variation of mean generation time with methylene blue con- 
centration was recorded in a previous paper. It is of interest to note 
that it follows a course similar to that which would be calculated on the 
assumption that the growth rate itself runs parallel with the rate R (see 
above) which was assumed to determine the lag. The significance of this 
will not be further considered at present. 
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Summary. 

Proflavine and metliylene blue botli inhibit the growth of Bact, lactis 
aerogenBs, and training to resist one of these substances confers on the 
cells a degree of immunity to the other. 

The theory previously developed for training to proflavine (according 
to which a change of enzyme balance is provoked which restores the 
concentration in the cells of a certain intermediate to a standard level) 
is applied to results obtained on the adaptation of Bact lactis aerogenes 
to methylene blue. From the lag-concentration curve of untrained cells 
in methylene blue, in conjunction with the earlier results for proflavine, 



Fig. 5. — Proflavine lag-concentration curves ; continuous lines — observed : 
broken lines — calculated with modified constant. 

it is predicted : that there is a limit to the degree of adaptation to methylene 
blue which will occur : that the concentration of proflavine to which 
training in methylene blue gives cross immunity is also limited : that the 
lag-concentration curves for trained strains in methylene blue rise much 
less steeply than the corresponding curves for proflavine. 

These anticipations are in qualitative agreement with the experimental 
observations : and there is some roughly quantitative correspondence, 
sho-vving that the assumption of a common adaptive process is probably 
a major part of the truth. The discrepancies are such as to suggest that, 
superposed upon the common action of the two agents, there are specific 
actions. 

Physical Chemistry Laboratory, 

Oxford University, 
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THE MELTING-POINTS AND UNIT CELLS OF 
THE METHYLBENZENES. 

By T. Beacall. 

Received I2th February ^ 1945. 

The quantitative relations which exist between the melting-points of 
the members of the halogen-benzene series have already been described ; ^ 
it has also been shown that in the case of the symmetrically substituted 
compounds (the only compounds for which data are available) the changes 
in melting-point are related to the changes in dimensions of the utiit cell ; 2 
in the present paper similar considerations are applied to the methyl- 
benzenes and to their halogen derivatives symmetrically substituted in 
the nucleus. 

All of the twelve possible methylbenzenes are known ; eight of them 
are liquid at ordinary temperature, and in some instances the melting- 
point has not been determined with any great degree of accuracy ; thus, 
Beilstein's Handbuch ® records for toluene values varying from — 102° C. 
to — 92*4° C., while for j/r-cumene no melting-point is given either in 
Beilstein or in Heilbron's Dictionary,^ and the only value available appears 
to be the m.p. of — 61° C. given in Stelzner's Liter atur~Register,^ In Table 
I are shown the melting-points of the series, the values stated being 
(except in the case of i/r-cumene) the selected data recorded in Heilbron's 
Dictionary, 

TABLE I. — ^Benzene, M.P. 5*5° C. 


Methylbenzene. 

M.P. (°C.). 

Monomethyi (toluene) ...... 

- 95-0 (f-PO 

Dimethyl (xylene) 

, 

I : 2 

-25-0 



I : 3 

"" 47-4 



I : 4 

13-14 

Trimethyl . 

Hemimellithene 

1:2:3 

-- 15 


^-cumene 

1:2:4 

— 61 


Mesitylene 

1:3:5 

- 53-5 (- 54 - 4 ) 

Tetramethyl 

Prehnitene 

I : 2 : 3 : 4 1 

- 6-4 


Isodurene 

I : 2 : 3 : 5 

- 24-1 (f.p.) 


Durene 

I : 2 ; 4 : 5 

80 

Pentamethyl 

53 (51-5) 

Hexamethyl 

164 


^ Recueil, 1928, 47, 37. 

* Trans. Faraday Soc., 1943, 39, 214. 

® Beilstein, Handbuch der organischen Chemie, 1922, Band 5. 

* Heilbron and Bnnbury, Dictionary of Organic Compounds, 2nd edn., 1943. 
® Stelzner, Liferatur-Register der organischen Chemie, 1926. 
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It is clear that there is a strong family likeness between this series of 
melting-points and those of the chloro- and bromo-benzenes ; * there 
are the familiar maxima at the i : 4-di, 1:2:4: 5-tetra- and hexa- 
substituted compounds, and the marked lowering of melting-point caused 
by the introduction of a single substituent into the benzene molecule ; 
in one respect there is a material difference ; the symmetrical 1:3:5- 
tri-halogenbenzenes have high melting-points, intermediate between 
those of the symmetrical di- and tetra-compounds, whereas the melting- 
point of 5-trimethyl-benzene is very low : a possible reason for this 
difference will be discussed later. The symmetrical and unsymmetrical 
series will now be considered in detail. 

The Symmetrical Di-, Tetra- and Hexa- Methylbenzenes, 

As in the case of the chloro- and bromo-benzenes the melting-points 
of these three bodies (in degrees absolute) approximate closely to a 
geometrical series, the melting-point of durene (353° k.) being very 
close to the mean (353-5“354‘^ k.) of those of ;^-xylene and hexamethyl- 
benzene ; ;^-xylene resembles ;^-dichlorbenzene in having an abnormally 
low m.p., the increment from benzene to ^-xylene (1-03) being materially 
less than that from ^^-xylene to durene (i’23) or from durene to hexa- 
methylbenzene (1-24). 

The Unit Cells of the Symmetrical Di-, Tetra- and Hexa-Methyl- 
benzenes. — The unit cell of hexamethylbenzene has been measured by 
Mrs. Lonsdale « and subsequently remeasured • by Brock\yay and 
Robertson ; ^ the unit cell is monomolecular and has the volume 252 a® 
(Brockway and Robertson) or 258*4 a® (Lonsdale) ; Robertson has also 
measured durene, the unit cell of which is bi-molecular and of volume 
430 ; s no X-ray measurements of crystalline ^-xylene appear to have 

been recorded, but measurements of its density have been made by 
Rozental » and by Block ; calculation of the volume of a bi-molecular 
unit cell from the density values gives 335*0 a® or 335*7 X-ray 
measurements of crystalline benzene have been recorded by Cox,ii 
found the unit cell to be tetra-molecular with volume 489 a®. 

If these unit cell values are expressed in terms of a constant number 
of molecules, it will be found that they appoximate to an arithmetical 
series ; Table II shows 
for two-molecule units the 
values of W jn, being 
the increase in volume 
over a similar benzene 
unit, and n being the 
number of pairs of sub- 
stituents per molecule. 

It is suggested that, 
as ill the case of the 
symmetrically halogen- 
ated benzenes, the m.p. is 
determined by the linkage of the pairs of substituents in ^^-position to 
similar substituents in neighbouring molecules. The most complete analysis 
of a unit cell available is that of hexamethylbenzene by Brockway and 
Robertson ; ’ these authors have shown that the methyl groups extend 
laterally from the plane of the benzene ring, the closest approach between 

* See Table in paper.^ 

® Lonsdale, Proc. Roy, Soc. A, 1929, 123, 494. 

’ Brockway and Robertson, J,C.S., 1939 (2), 1324. 

® Robertson, Proc, Roy. Soc. A, 1933, 594 * 

® Rozenthal, Bull. Soc. Chim., 1936, 45, 585. 

Block, Z. physik. Cham,, 1911, 78, 410. 

Cox, Nature, 1928, 133 , 401, 


TABLE II. 


Compound, 

6Vjn. 

;^-Xylene 

90*5 (91*2) 

Durene .... 

92*7 

Hexamethylbenzene . 

86*5 (90*8) 
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methyl groups of neighbouring molecules being from 3*90 to 3*99 a., the 
corresponding distance in durene being 3*93 a. The closest approach be- 
tween methyl hydrogen atoms in adjacent molecules was found to be 
2-00*2 *25 A., as compared with a distance of 1*97 A. in solid methane ; 
the authors remark The packing of the molecules in the crystal is 
determined by the equilibrium distance between the hydrogen atoms in 
different molecules ''.f 

So far as hexamethylbenzene and durene are concerned, the view put 
forward above that the m.p. is determined by the pairs of CH3 . . . CHg 
linkages between adjacent molecules appears in accordance with the 
results of X*ray analysis of the unit cell. It would be of interest to have 
measurements also for ^-xylene ; these might throw light on the apparent 
anomaly that while the computed volume of its unit cell has a normal 
value the m.p. is abnormally low. 

The Symmetrically Substituted Methylhalogenbenzenes. — In paper 
(2) it was shown that in the ^^^^csr^^dihalogennitrobenzene series the quasi- 
independent effect upon the melting-point of a pair of halogen atoms in 
^ara-position persists. The series of symmetrically substituted methyl- 
halogenbenzenes affords a wide field for testing the persistence of the 
effects of pairs of halogen atoms or methyl groups in para-^o^ition. A 
convenient way of making this test is to calculate the melting-points and 
compare the calculated values with the observed values ; Table III shows 
the results of this for the thirty hexa-substituted compounds listed in 
Beilstein .3 To calculate the melting-point (in degrees absolute) it is 
assumed that a pair of chlorine atoms in ;^^^ra-position has the same effect 
as in hexachlorbenzene (m.p. 500® K.), i.e. '^500/278*5 = i'2i3, that 
a pair of bromine atoms in ;/>^tm-position has the same effect as in hexa- 
brombenzene (m.p. 579° k.), i.e. 579/278-5 = 1*276, and that a pair 
of methyl groups in ;^izm-position has the same effect as in hexamethyl- 
benzene (m.p. 439® K.), i,e, '^39/278*5 = 1*164 ; where a chlorine 
and a bromine atom appear in para-'position it is assumed that the effect 
is the geometric mean of the effects of the two pairs of 
halogens, and where a halogen atom and a methyl group 
Br/^Br appear in para-'po^itioxi, it is assumed that the effect is the 
geometric mean of the effects of a pair of halogen atoms 
Bri JBr and a pair of methyl groups ; to obtain the m.p. of a given 

^ compound, the melting-point of benzene (278*5° k.) is mul- 
tiplied by the appropriate factors for the three pairs of sub- 
stituents in ;/j(zm-position ; for example, pentabromtoluene (I) 
contains two pairs of bromine atoms in ;/?am-position and a " mixed 
pair consisting of a bromine atom and the methyl group ; the melting- 
point is thus given by 

T = 278*5 X 1*276^ X Vi-276 X 1-164 = 553 ° K* J 

Beilstein gives values for the m.p, of this compound ranging from 552° 
to 558° K. while Heilbron gives the values 555° and 553°. 

Of the 30 compounds tabulated, in 13 cases tlae difference between 
T obs. and T calc, is less than i %, in ii cases the difference is between 
I and 3 %, and only in 6 cases does the difference exceed 3 %. In view 
of the uncertainty of some of the recorded data, this measure of agreement 
between the observed and calculated melting-points appears sufficient to 
justify the assumption that in this group of compounds the pairs of halogen 
atoms in para-position and of methyl groups in ^^^^^a-position retain their 
quasi-independent effects without material alterations save in* a small 
minority of cases. 

_ The physical meaning of this agreement between the observed melting- 
points and those calculated on the basis stated would seem to be that 


t Loc. p. 1331. 
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in this series of compounds the molecules are linked in the unit cells by 
the pairs of substituents in ^-position as are the hexa-rnethyl and hexa- 
halogen-benzenes, and that in consequence the dimensions of the unit 

TABLE III. 


Compound. 

r(obs.). 

T (calc.). 

% DifE. 

Pentabromtoluene ..... 

555 


- 0*4 


553 

553 

— 

Pentachlortoluene . ■ • • • 

491 

488 

— 0-6 

6-Chlor-2 ; 3 : 4 ; 5-tetrabromtoluene 

531-2 

539 

+ i ’4 

2:3:5: 6-Tetrachlor-4--bromtoluene 

486 

499 

-h 27 

Tetrabrom-^-xylene ..... 

529-530 ; 

528 

- 0*3 


526 


+ 0-4 

Tetrabrom-o-xylene ..... 

527-8 : 

528 

— 


535 


- 1*3 

Tetrabrom-we-xylene ..... 

520 ; 

528 

-f 1-5 


514 


4- 27 

Tetraclilor-_^-xylene ..... 

495; 


- 37 


491 

477 

- 2*9 

Tetrachlor-o-xylene ..... 

488 

477 

- 2-3 

Tetrachlor-m-xylene ..... 

492 


- 3-1 


485 

477 

— 1*6 

6-Chlor-2 : 3 : 5-tribrom-^-xylene . 

507 

515 

-1- 1-6 

3 : 6-dichlor-2 : 5-dibrom;^-xylene . 

499 

502 

4- 0-6 

3:5: 6-trichlor-2-brom-^-xyiene . 

492 

4S9 

— 0-6 

4 ; 6-dichlor-3 ; 5 -dibrom-o -xylene 

506 

502 

-o-S 

4 : 6-dichlor-2 : 5-dibrom-w-xylene 

503 

502 

— 0*2 

2 ; 6-dichlor-4 : 5-dibrom-m-xylene 

488 

502 

+ 2-9 

2:4: 6-tribrom-i : 3 : 5-trimethylbenzene 

497 

504 

-f- 1*4 

3:5: 6-tribrom-i : 2 : 4-trimethylbeuzene 

49S-9 ; 


4- 1*0 


506 

504 

- 0'4 

4:5: 6-tribrom-i : 2 : 3-trimethylbenzene 

51S 

504 

--2'S 

2:4: 6-trichlor-i : 3 : 5-trimethylbenzeiie 

477-8 

467 

- 2-3 

3:5: 6-trichlor-i : 2 : 4-trimethylbeiizene 

470 

467 ' 

•~o>6 

4:5: 6-trichlor-i : 2 : 3-trimethylbenzene 

490-1 

467 

- 5*1 

4 : 6-dichlor-5-broin-i : 2 : 3-trimethylbenzene 

495-6 

479 

- 3‘5 

3 : 6-dibrom-i : 2 : 4 : 5-tetramethylbenzene . 

475-6 ; 


4 - i ’5 


472 ! 

481 

4 - 1-9 

4 : 6-dibrom-i : 2 : 3 : 5-tetramethylbenzene . 

4S2 1 


— 0’2 


471-2 

481 

4 - 1*9 

5 : 6-dibroni-i : 2 : 3 : 4-tetramethylbenzene . 

478 

481 

4- 0-6 

3 : 6-dichlor-i 12:4: 5-tetramethylbenzene . 

462-3 

458 

4 - 1*0 

5 : 6-dichlor-i ’.2:3: 4-tetramethylbenzene . 

468 

458 

— 2-2 

Brompentamethylbenzene .... 

433-5 

460 

4-6-1 

Chlorpentamethyibenzene .... 

428 

448 

+ 47 


cells should be comparable, mutatis mutandis, with those of hexachlor-, 
hexabrom- or hexamethylbenzene. The only compound in which a check 
of this inference is at present possible is pentabromtoluene (No. i in 
Table III) of which the crystallographic data are given by Groth ; 

Groth, Chemische Kyystallographie, 4, 362. 
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calculation of the volume of a two-molecule unit cell from the molecular 
weight (487) and the density (2'97o) gives 545 

It has been pointed out above that in the symmetrical methylbenzenes 
the successive introduction into the benzene ring of one, two and three 
pairs of methyl groups in ^-position produces a substantially constant 
increase in the volume of the two-molecule unit from benzene (244-5 
to hexamethy 1-benzene (504 a®, Brockway and Robertson) ; the overall 
increment in volume for a pair of methyl groups is thus 86-5 A® ; a similar 
approximately additive rule applies to the symmetrical bromobenzenes ; 
the hexabrombenzene two-molecule unit cell has the volume 553*5 a^, 
so the overall increment in volume for a pair of bromine atoms is 103 a®. 
If a similar additive relation holds for pentabromtoluene, which contains 
two pairs of bromine atoms and a “ mixed pair consisting of a bromine 
atom and a methyl group, the volume of a two-molecule unit cell should 
be given by 244*5 -h (2 X 103) -}- (103 4 ~ 86*5) /2 = 545*2 a®.^ 

In the case of tlois compound then, the calculated m.p. and calculated 
unit cell volume are practically identical with the observed m.p. and the 
unit cell volume deduced from the density. 

In addition to the 30 hexa-substituted compounds dealt with above, 
Beilstein ® records 12 symmetrical tetra-substituted compounds, namely, 
the halogen-trimethylbenzenes, the dihalogen-dimethylbenzenes and the 
trihalogentoluenes ; we may take as examples the 2 : 5-dihalogen-;^- 
xylenes. If it is assumed that in these bodies the two methyl groups 
have the same low effect as in ^^b-xylene itself, the observed and calculated 
values of the m.p. of 2 : 5-dichlor-;^-xylene agree within x %(T obs.= 344° k. 
T calc. = 347'5‘^ k,) ; in the case of the 2 : 5-dibrom compound, however, 
the difference between the observed (348° k.) and calculated (365*5° k.) 
values amounts to 5 %, and a similar difference appears in the case of 
2-chlor-5-brom-_2i7 -xylene {T obs. = 339° K,, T calc. = 356*5° k.) 

No X-ray data or even density values for these bodies appear to be 
available ; the one tetra-substituted body for which a density value has 
been recorded is 2 : 4 : 5-tribrom-toluene (Groth, p. 360) ; a two-molecule 
unit cell computed from the molecular weight (329) and density (2*472) 
has the volume 442*4 a® ; 'calculation of the cell volume from that of 
benzene by the addition of the increment values for one pair of bromine 
atoms and a “ mixed '' bromine-methyl pair gives 244*5 + ^^3 + (^^3 ^^*5) 

=: 442*2 A®. Here again we find almost exact agreement between the 
unit cell volume deduced from the density and that obtained by extra- 
polation from the unit cell volume of benzene, although in this case the 
observed m.p. {385-6° k.) is some 5 % less than the calculated value 
(407*5° K.). No explanation of the abnormally low m.p. of these bromo 
compounds can at present be given, but it is perhaps significant that a 
similar anomaly appears in the case of 2 : 5-dibromtoluene discussed below. 

The Mono>.., as-Tri- and Penta- methylbenzenes. 

The drop of 100° C. in melting-point, resulting from the introduction 
of a single methyl group into the benzene molecule, is very striking ; 
as we proceed up the series the effect diminishes, as shown in the annexed 
Table IV. 

The effect of the single methyl group in the symmetrically halogenated 
toluenes is shown in Table V. 

The effect in the tetrabrom-, tetrachlor- and dichlor-toluenes approxim- 
ates to that shown by pentamethyl-benzene, and it appears justifiable 
to assume that in these bodies, as in the symmetrical hexa-substitnted 
bodies discussed above, the pairs of halogen atoms retain their quasi- 
independent efiect. The abnormally low value shown by the dibrom- 
toluene (and probably also by the chlor-bromtoluene) appears similar 
to those already mentioned in the cases of the 2*5 dibrom-^-xylene and 
2:4: 5-tribromtoluene. 
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The Unit Cells of the Mono-, as -Tri- and Penta-Methylbenzenes. — 

In paper (i) it was suggested that the striking contrast between the low 
melting-point of the asymmetrically substituted halogen-benzenes and 
the comparatively high TA-RTTr tv 

melting-points of the ^ ^ 

symmetrical halogen- ^ ~~ 

benzenes points to the Compound. M.P. Ratio. 

presence in the asym- * 

metrical bodies of a Tninpn#> 178 


Compound, 

M.P. 

Ratio. 

Toluene 

178 

0-64 

Benzene . 

278-5 

j^-Cumene . 

^-Xylene . 

H CO 

i 

0-74 

Pentamethylbenzene . 1 

326 

0-92 

Durene . . . 1 

! 

353 


between the molecules ^.Cumene . 212 

in the unit cells, ^-Xylene . . . 286-5 

namely, a hnkage of pentamethylhen2ene . 326 ' 

the asymmetric halo- . . . 353 ° 

gen atom in one mole- 
cule with a hydrogen ~ 

atom in a neighbouring molecule, in other words, a head-to-tail linkage of 
the molecules. The similar contrast in melting-points between the sym- 
metrical and asymmetrical methylbenzenes suggest that in the unit cells 
of toluene (and its symmetrical methyl and halogen derivatives) a similar 
head-to-tail linkage of adjacent molecules through methyl groups and 
hydrogen atoms exists. Until X-ray measurements of the unit cells of 
toluene (and its symmetrical methyl and halogen derivatives) are avail- 
able, however, the suggested structure must remain tentative. 

1 : 3 ; 5 -Trimethylbenzene. — In the halogenbenzene series the 5-tri- 
substituted bodies have melting-points intermediate between those of 

the pam-di- and 
TABLE V. s-tetra-substituted 


compounds. It 

M.P. Ratio. would Seem to 

follow, therefore, 

that if in the high 
389-390 melting-point di- 

453-454 g_nd tetra-substi- 

366-367 tuted compounds 

4i2‘5-4i3*5 pairs of halo- 

(belowz53) <0-70 atoms in p- 

3^0 position are linked 

liquid ^ to halogen atoms 

339 ’ of neighbouring 

278 n molecules in the 

326 ^ unit cells, the 

three single halo- 
gen atoms in the 

5-tri -substituted bodies are similarly linked to halogen atoms in neighbouring 
molecules, the three hydrogen atoms in para^-position to the halogens being 
linked to hydrogen atoms of adjacent molecules. 

The effect of the pair of chlorine atoms iii ^-dichlorbenzene is to raise 
the melting-point by the factor 1-17 ; it seems reasonable to assume that 
the efiect of a single chlorine atom similarly linked in the unit cell would 
be to increase the melting-point by Vi*i7 ; the melting-point of s trichlor- 
benzene would thus be 278*5 x 1*17^ and that of s-tribromo-henzene 
278-5 X 1*29^ ; the values so calculated (353° k. and 408® k.) are 5 % 
and 4 % respectively higher than the recorded values (336*5® and 393°). 
5-Trimethylbenzene however, instead of having a melting-point inter- 
mediate between that of ;^-xylene (13-14® C.) and that of durene (80° C.) 
has the very low melting-point ’ of —53-5® (or —54*4®) C. This low 
melting-point seems to rule out the possibility of all the methyl groups 
being linked to methyl groups of adjoining molecules, and points rather 


Compound. 


2:3:5: 6-tetrabromtoluene 
5 -tetrabrombenzeiie 

2:3:5: 6-tetrachlortoluene 
5 -tetrachlorhenzeiie 

2 : 5-dibromtolueiie 
^-dibrombenzene 

2-brom-5-chlortoluene . 
^-chlorbrombenzene 

2 : 5-dichlortoluene 
^-dichlorbenzene . 
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to one of the methyl groups having the CH3 . . . H linkage as in toluene. 
On this view the^ arrangement of the mesitylene molecule in the unit cell 
would be : two methyl groups linked to methyl groups of adjacent mole- 
cules, with the hydrogen atoms in ^-position to them linked to hydrogen 
atoms of neighbouring molecules, while the third methyl group is linked 
to a hydrogen atom of the next molecule, the hydrogen para to this methyl 
group being linked to a methyl group of an adjacent molecule. 

If each methyl group which is linked to methyl increases the melting- 
point by the square root of the ^-xylene effect, and if the methyl g;:oup 
which is linked to hydrogen has the same effect as the asymmetrical methyl 
group in 1:2: 4-trimethylbenz:ene, then the melting-point of mesitylene 
should be numerically equal to that of 1:2: 4-trimethylbenzene, viz. 
212° K, ; the difference between this calculated value and the recorded 
value is about 3 %. In view of the scanty nature of the experimental 
evidence for the melting-points of i : 2 ; 4- and 1:3: 5-trimethylbenzene, 
the calculated and recorded values for 1:3: 5-trimethylbenzene appear 

in sufficient agree - 
TABLE VI. ment to justify the 


Compound. 

M.P. (“k,). 

Effect of 
Methyl Group. 

3 : 5-dichlortoluene 

293 

0-87 

3-chloT-5-bromtoluene . 

298-9 

0*88 

3 : 5-dibromtoluene 

312 

0-86 


provisional view of 
its unit cell struc- 
ture described 
above. 

It seems worth 
while in this con- 
iiection to consider 
the related 1:3:5 
bodies which con- 


tain both methyl groups and halogen atoms, viz. the i : 3 -dimethyl-5 - 
halogenbenzenes and i : 3-dihalogen-5-methylbenzenes. Both 5-chlor-i : 
3-xylene and 5~brom-i : 3-xylene are liquid at ordinary temperature, 
whereas the i : 3- dihalogen-5 -methylbenzenes (3 : 5-dihalogentoluenes) are 
solids. If it is assumed that in these dihalogentoluenes the two single 
halogen atoms have jointly the same effects as those of the pairs of 
halogen atoms assumed in Table III, the effect of the methyl group can 
be calculated ; this is shown in Table VI. 


The agreement of these values with those given in Table V seems a 
clear indication that in the 3 : 5-dihalogentoluenes the methyl group is 
linked in the same manner as is the methyl group in toluene and its 
symmetrically substituted derivatives, and this affords some confirmation 
for the structure of the mesitylene unit cell provisionally stated above. 


Summary and Conclusions. 

The melting-points of the members of the methylbenzene series exhibit 
variations similar (with one exception) to those shown by the chlor- and 
brom-benzenes. The m.ps. of ^-xylene, durene and hexamethylbenzene 
approximate closely to a geometrical series ; the volumes of the unit cells 
(expressed in terms of a constant number of molecules in each case) 
approximate to an arithmetical series. ;^-Xylene resembles ^ -dichlor- 
benzene in having an abnormally low m.p., but the volume of its unit 
cell (calculated from its molecular weight and density) has a normal value. 
It is suggested that in ^-xylene, durene and hexamethylbenzene the pairs 
of methyl groups in _^-position are linked to methyl groups of adjacent 
molecules ; this view accords with the published X-ray data for durene 
and hexamethylbenzene. 

The quasi-independent effects on the m.p, of the pairs of halogen atoms 
or methyl groups persist in the symmetrically substituted methylhalogen 
benzenes ; particularly in the case of the hexa-substituted compounds 
the m.p. can be calculated with (in most cases) a close approximation to 
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the observed values ; this is regarded as evidence that the unit cells of 
these bodies are constructed on the same pattern as the hexamethyl and 
hexa-halogenbenzenes ; the volume of the unit cell of pentabromtoluene 
calculated from its molecular weight and density is in almost exact 
agreement with the value obtained by extrapolation from that of benzene 
by addition of the increments due to the three pairs of substituents ; the 
volumes of the unit cell of 2 : 4 : 5-tribromotoluene computed by the two 
methods are also in almost exact agreement, although in this case the 
observed and calculated m.ps. differ by 5 %. 

The lowering of m.p. caused by the introduction of a single methyl 
group into the benzene ring is repeated, though to a lesser extent, in the 
symmetrical homologues and halogen derivatives of toluene. It is sug- 
gested that this lowering of m.ps. points to a head-to-tail linkage of the 
toluene molecules in the unit cell. The low m.p. of mesitylene is con- 
trasted with the comparatively high mps. of the symmetrical trihalogen- 
benzenes, and a tentative structure for the unit cell of mesitylene is 
suggested ; confirmation of this suggested structure is given by the m.ps. 
of the 3 : 5-dihalogentoiuenes. 


PERMEABILITY OF KERATIN MEMBRANES TO 
WATER VAPOUR. 

By G. King. 

Received 2nd March, 1945. 

It is generally recognised that many cases of so-called diffusion in 
reality involve much more complicated processes than would be suggested 
by Pick's Law alone. The diffusion rate is not entirely controlled by the 
concentration gradient,’ but depends to a great extent on the solubility 
of the ahsorbate. That is, deviations from Pick's Law are to be expected 
when intimate interaction occurs between the ahsorbate and absorbent. 

Previous work in these laboratories ^ has suggested that the transport 
of water and alcohol through keratin belong to this class of diEusion 
phenomena so that only the more general form of Pick's Law is applicable ; 
i,e. the diffusion coefficient is a function of the concentration of the dif- 
fusing substance. In the present paper the variation of the diffusion 
coefficient of water in horn keratin is investigated quantitatively, and a 
theory of sorption formulated by Cassie,^ is applied to the problem with 
considerable success. 


Experimental. 

The general form of the apparatus is shown in Fig. i. It was, of 
course, housed in an air thermostat which is not shown. 

The membrane M, a him of horn approximately 5 x lo-^ cm. thick, 
covered a circular orifice about i inch in diameter. It was sealed with 
vacuum wax and clamped in position to prevent loosening due to repeated 
swelling. The whole membrane system was totally enclosed in a chamber 
A, formed by two short lengths of telescopic brass tubing to shield the 
membrane system from the full atmospheric pressure. 

On opening taps Ti and the whole system could be evacuated by 
means of a Hyvac Pump incorporating a P^Ob drying tube. R is a water 
reservoir, Gi a mercury manometer, and B is a tube containing roughly 

^ King, Trans. Faraday Soc. (in the press ) . 

2 King, Nature, 1944, 154, 575, 

® Cassie, Trans. Faraday Soc. (in the press). 

17 * 
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I g. of wool which, acts as a source of constant water vapour pressure* 
On the other side of M is attached a Spoon Gauge Gg incorporating a tilt- 
ing mirror system so that its sensitivity could be raised to about io“® cm. 
of mercury per mm. deflection. It gave a reasonably linear response over 
a small range of pressure (Fig. 2) . 



Variation of Rate of Flow with Vapour Pressure difference across the 
Membrane. — All observations were made after the steady state had 
been reached (about two hours), when there was no further accumulation 



of water at any point in the mem- 
brane, and the rate of flow, 07, 
through any unit cross section of 
the membrane was constant. 

Let C be the water concentra- 
tion in the film at a distance x 
from the high pressure side. 

If k represents the diffusion co- 
efficient, a function of C, then 

_ ^ ^ throughout the 
^ ‘ dx membrane . (i) 

and if Cg and are the water con- 
centrations at the high and low 
vapour pressure faces respectively, 
and d is the membrane thickness, 

{ d /•Cl 

r^dx = I ^ , dc . (2) 

0 *^ca 

or 

, = I . dc . . . (3) 


This is further simplified if we make Q = o ; i.e. maintain the low 
pressure side at zero pressure by continuous pumping. If 17 is now 
measured for a series of values of Cg we obtain an expression which is the 
integral of the relation between the diflusion coefficient and concentration. 

Different pressures were maintained on the high pressure side of M 
using the wool in B as a constant vapour pressure source, and 17 was 
determined by closing Tg and measuring the time taken by Gg to register 
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-e- DetermweFion dtSO^cJj 
^ D&ter ml nation at 25"c. 
* 0 “ Determinarion at 20 


// 


a small fixed increase in vapour pressure. Fig. 3, shows the relation 
obtained between the relative humidity on the high pressure side and -y?. 
It is seen that the rate of, flow increases extremely rapidly above 70 % 
relative humidity, and it is further shown 
that the value of tj obtained depends on 
whether any particular vapour pressure 
is approached from a higher or a lower 
value, that is, a marked hysteresis is 
obtained. 

In order to correlate these results with 
the actual water concentration C, the 
vapour pressure isotherm for horn keratin 
was determined using a method previously 
described.^ The curve is shown in Fig. 4. 

It was found to be very similar to that 
for the wool-water system, and exhibited 
a pronounced hysteresis effect. This effect 
was found to account to within experi- 
mental error for the hysteresis shown in 
Fig. 3, indicating that 17 is determined 
entirely by C, and not by the corresponding 
vapour pressure. Fig, 5 shows the result- 
ing relation between 17 and the regain * at 



20 4:0 60 SO 

Relative, humidity j , 

Fig. 3, 


the high pressure face at 25° C. From this curve the corresponding relation 
between k and regain was obtained by graphical differentiation, Fig. 6. 



Absolute Values of k. — In determining absolute values of 77, the perfect 
gas law IS used and gives 

V Lp 

RT 'Ti ( 4 ) 

Where V is the volume of that part of the system collecting the water 
vapour on the low pressure side, td is the time required for a given 
increase in vapour pressure T is the absolute temperature. 
R fhe gas constant per g. mol. M the molecular weight of water. 

* Regain is the moisture content expressed as a percentage of the drv weicht 
and IS proportional to C. ^ ^ weignr, 
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The absolute value of rj can be determined when V is known. This 
was obtained by keeping tj and Ap constant and increasing V by known 
amounts AF. When AF is plotted against A^ (Fig. 7), the unknown 



volume F is obtained by extrapolation. Thus it is* found that k varies 
between the wide limits of 10-’ cm.^sec. at high regains, to less than 
10 cm.^ysec. as the keratin approaches dryness. 
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The lower value agrees reasonably well with that previously estimated 
from the rates of absorption of water by keratin 

The temperature effect in equation (4) may be neglected ^ over the 
small range used (20° to 30° C.), but it was decided to investigate how 
far sorption on the walls of the " collecting ' volume a:ffected the results. 
As this effect would be most pronounced for low values of r) and T, two 
relations between AF and At were determined. Fig, 7 [a] for high values 
of 7} and T, and (&) for low values, but in both cases the linear relationships 
showed that adsorption on to the walls of the apparatus was negligible. 

Effect on 7} of the Presence of air in the ‘ ‘ High Pressure ’ ^ side of the 
Membrane .^During the initial stages of the experimental work it was 
found that t) was extremely sensitive to very small quantities of air present 
in the high pressure side of the system, especially for high rates of flow. 
This effect was assumed to he similar to that found during vacuum dis- 
tillation. The diffusion of the water vapour through the residual air in 
the system requires a vapour pressure drop between the water reservoir 
and the membrane surface, and a very slight decrease in vapour pressure 
at the surface will induce a large decrease in y, as may be seen from Fig. 3. 
No quantitative data appear to be available on the effect of residual gases 
on diffusion, and the ordinary relation for the interdiffusion of two gases 
does not apply to the above conditions where there is no transport of one 
of the components. 

However, following Stefan's theory ^ of diffusion of water vapour 
through a stationary column of air, a quantitative description of the 
effect may be obtained, and using approximate data, the apparent de- 
crease in permeability due to the presence of a small amount of air in the 
high pressure system is satisfactorily explained without assuming any 
effect of the air on the permeability of the membrane itself. The cal- 
culations are reproduced as an appendix. 

Temperature Goefficient.---'Therelation between -q and relative humidity 
was determined at three different temperatures (20°, 25® and 30“ C.), and 
the results are shown in the combined graph in Fig. 3. It is noticeable 
that the values obtained at all three temperatures lie on the same curve 
both for adsorption and desorption. However, the rate of flow and k 
will still have an appreciable temperature coefficient because at any given 
relative humidity, the corresponding regain decreases with rise in tem- 
perature, cf. Fig. 4. Thus in effect k has a positive temperature coefffcient, 
and if we determine the values of k corresponding to a regain of 16 % say, 
at 20° and 30^^ C., using Figs. 4 and 6, then the slope of the resulting 
relation between loge k and ijT gives an approximate value of 4,800 cal./ 
mol. for the activation energy of the diffusion process at that particular 
regain value. 

Owing to the extreme gradients assumed by the relation in Fig. 3, 
the temperature coefficients cannot be determined with a high order of 
accuracy at the upper and lower limits of the curve, particularly for values 
of relative humidity below about 30 %. The temperature coefficient at 
low regain values was therefore checked independently by a method pre- 
viously described,^ involving the determination of the rates of sorption 
of water vapour by horn films. In this case an activation energy of about 
7,500 cal. /mol. was obtained. 

The Diffusion Process, 

It has been suggested by Barrer ^ that the activation energy for diffusion 
is determined entirely by the energy of hole formation in the lattice so 
that for diffusion through elastic media, low activation energies are gener- 
ally obtained, independent to a large extent, of the size of the diffusing 

* Stefan, Sitz. Ber. Akad. Wiss. tVien, Mafh-naturw. Klasse., 1S81, Abt. 2a, 83. 

® Barrer, Diffusion in and through Solids, Cambridge University Press, 1941. 
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molecule. This suggests that, a qualitative explanation of the dependence 
of h upon concentration is that the elasticity of keratin decreases with its 
water content. 

However, Cassie ® has shown that the hysteresis of the sorption iso- 
therm for a wool-water system may be fully accounted for by the change 
of the elastic constraint experienced during swelling and shrinking. Thus 
it is possible to change the elastic constants of keratin at constant regain, 
by moving from the absorption to the desorption portions of the vapour 
pressure isotherm, of. Fig. 4, but it is not possible to change by performing 
this same operation. We must therefore conclude that the rigidity of the 
keratin lattice can exert but little control over k, at least, for values of C 
above about 6 %, 

An alternative theory takes into account two states of the sorbed 
water, applying a theory of sorption developed by Cassie. ^ Cassie shows 
that if in 100 g. of absorbent there are B mol. of low energy sites, and if 
A mol. of absorbate are distributed amongst these sites so that X are 
occupied, then 

{A ^X)(B . . . (5) 

where jS = a is b. constant, slightly dependent on temperature, 

and w is the heat of sorption from liquid water for a low energy site. 

It is reasonable to assume, that in order to diffuse, the water molecules 
must first attain the relatively mobile or liquid state of the (A — X) 
molecules, so that in these molecules we have the source from which we 
obtain activated diffusion. 

Leonnard- Jones’ ® theory of surface diffusion can be applied to the 
diffusion of the “ mobile ” molecules through the unoccupied low energy 
sites, without restricting the sites to a two dimensional array situated 
on external or internal surfaces. 

If s is the activation energy required for diffusion of these “ mobile ” 
molecules, then the rate of production of activated molecules per c.c. 
per second is : 

V . e-BfRT 

where r is a constant. 

Applying Knudsen’s Cosine Law, the rate of flow through unit area 
perpendicular to the x direction is given by : 

T, = lv. e-mn^ ■ . . . ( 6 ) 

where A is the mean free path of the activated molecules before becoming 
deactivated, and immobile. 

Then if we assume that mobility is lost only by encounters with the 
(B — X) mols. of unoccupied sites 



• ' ^ “ (R - A) 




■ ( 7 ) 

But 

— k .^A IdXy 




• (8) 


where K is a constant. 

Using Cassie’s values of 1*12 and 0*1 for ]B and p respectively, obtained 
for the wool-water system, » values for (A — X) and (B — X) may be 
obtained from (5) for different values of A and therefore the expression 
for ky (8) may be compared directly with the experimental data of Fig, 6. 
The agreement is seen to be very good when we recall the very simple 

® Leonnard- Jones, Trans. Faraday Soc.y 1932, 28, 349. 



a KING 


48 s 


nature of the diffusing meclianisni assumed. The abnormally rapid 
increase in k for large values of A, obtained for the theoretical curve is 
no doubt due to the fact that it has been assumed that the mobile 
molecules diSuse in an unrestricted manner except for encounters with 
vacant localised sites. This obviously cannot be so, and even if we neglect 
any retarding ehect due to the presence of the keratin lattice, the 
maximum value of k should at most approach the value of 2 X 10-® 
cm.2/sec., ’ the coefficient for the self diffusion of water, as saturation is 
attained. 

However, by introducing the term we imply that the diffusing 

molecules may be deactivated otherwise than by encounters with the 
(B — X) vacant sites. It seems reasonable to assume that transport 
occurs by jumps between occupied sites of which there are X mols, sug- 
gesting that A should be of the form 

I 

~0L. X -{-(B - X) 

where a determines the relative importance of the two types of encounters 
and has a value of about 0*05 for horn keratin. This expression rapidly 
approaches a constant value for A as .^4 increases and X approaches the 
value B, and thus k does not become infinite as saturation is approached. 
It is difficult, however, to interpret a accurately, and this form does not 
increase our knowledge of the diffusion mechanism, although it improves 
the agreement of theory with experiment. 

The simple relation obtained for k, will also account to some extent 
for the variation of the temperature coefficient of difiusion with con- 
centration, owing to the fact that X is a. function of p as well as of 
An increase in the energy of activation with decrease in water concentra- 
tion is indicated as was found to be the case experimentally, but until 
more accurate experimental values are available we cannot place too much 
reliance on this agreement. 


APPENDIX. 


Stefan ^ has derived an expression for the diffusion of water vapour 
through a stationary column of air, but it includes an unknown constant 
which he calls the coefficient of resistance,’' so that the relation remains 
somewhat empirical in character. A similar relation may be obtained, 
however, if we modify Meyer’s Kinetic theory ® for the interdifiusion of 
two gases, to obey the condition that one component does not undergo 
transport. 

According to Meyer, the net transport r, per unit area perpendicular 
to the flow, of each of two interdiffusing gases A and W is given by : 




Tyf ^ 


3 ' 

3 ’ 


(1) 

(2) 


Where n is the number of molecules per unit volume, v is the mean mole- 
cular velocity, I is the mean free path, w is some mean velocity about which 
the velocities of the component molecules are distributed in a Maxwellian 
manner. 

Also { 7 z^ H- nyj) = constant for all values of x. 

0 

. / V 

" dx dx ■ . * • * 


Glasstone, Laidler and Eyring, The Theory of Rate Processes, McGraw-Hill 
Book Co., 1941. 

® Meyer, Kinetic Theory of Gases (English translation), 255. 
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If instead of making r ^ we apply Stefan's condition of zero 

transport for one component, i.e. = o say, then 


and if o 



d;i; 


3* 


(4) 

(5) 


So that the mass of the W component transported per unit area per second 
is : 


- i X 76 X 981 X 13*6 X 


• La • j^w • 6.j?v[ r 

‘ d^r 


(6) 


Where is the mean free path of air molecules at normal temperature 
and pressure 9*5 X lo-^ cm.), is the mean molecular velocity of 
air at N.T.P. 5 X 10^ cm. /sec.), is the water vapour pressure on 
the high pressure side of the membrane in cm,, of Hg, is the residual 
air pressure in cm. of Hg, Myj is the molecular weight of water, i? is the 
universal gas constant per g. mol., T is the absolute temperature. 

Now let p^ be the water vapour pressure at the reservoir, p^^ be the 
water vapour pressure at the membrane face, I be the length of tube 
connecting the reservoir and membrane 20 cm.), h be the cross section 
area of this tube 0*5 sq. cm.). 

The total flow of water vapour in g. per sec. when p^ ^ 2. cm. Hg 
(25° C.) from (6), 

-i>H) • • • • (7) 

Where = 5 x 10-® g./sec. X cm. Hg. 

Now Fig, 3 shows that as we approach saturation 7; bears a linear re" 
lationship to p^^ and so 

= 7 J X (area of membrane) = a(^j£ — D) • . (S) 


where D is a constant. 

And assuming lo-® g./sec., we obtain from Fig. 3 

cc ^ X 10-® g./sec. X cm. Hg. 

Then from (7) and (8) 



But ii pj^Pij O' I cm. Hg, 




I 

10’ 


Therefore (9) may be further simplified by expanding the . denominator 
in terms of . Pif^ and neglecting terms of liigher order than unity, 

r. Gy^ a{p-s, — 1 >)[^ — lo^A®). . . . (10) 

The term a.(py, — D) gives the value for Gyj, say G\, when there is no 
residual air in the system. 

Gyj ^ G'^(i — nopi^) 

0*9 G'yj when p^ = o-i cm. Hg. 
which is close to the order of the effect observed. 
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According to Chapman ® the Kinetic Theory of gaseous diffusion as 
derived above is not strictly correct and may lead to erroneous results 
sb.the above solution cannot claim to be rigorous, but it should suffice to 
distinguish the origin of the effect. 

Summary. 

The rate of diffusion of water vapour through a keratin membrane 
has been investigated over a range of vapour pressure gradients, and at 
different temperatures. The results show that the diffusion coefficient is 
a function of the water concentration, and the temperature, and that 
it is independent, to a large extent, of the elasticity of the keratin lattice. 
A theory of sorption previously developed by Cassie ® is applied to the 
experimentally derived relation between diffusion coefficient and con- 
centration, with some success. ^ 

An appendix to the paper explains quantitatively the apparent reduc- 
tion in permeability of the membrane due to residual air in the ” high 
pressure " side of the system. 

I am grateful to Mr. B. H. Wilsdon, Director of Research, for his 
continued interest in the work, to Dr. A. B. D. Cassie for allowing me full 
access to his paper on the theory of sorption,® prior to publication, and 
to the Wool Industries Research Association for permission to publish 
these results. 

® Chapman, Phil, Mag. A , 1928, 5^ 630. 
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There is still much difference of opinion regarding the mechanism of 
gaseous ignition and of the propagation of flame. The most extreme 
forms of these opinions on the ignition problem are, on the one hand, 
the thermal theory as formulated by Taylor- Jones, Morgan and Wheeler ; ^ 
and, on the other, the chain theory as put forward by Mole.® The limit- 
ing form of the thermal theory is that, in order to cause ignition, it is 
necessary to raise a sufficient volume of the gas to a sufficient temper- 
ature.'’ No account is taken of the chemical processes that lead up to 
ignition. The limiting form of the chain theory, as presented by Mole, 
supposes that the local source of ignition introduces into a small portion 
of the gas a number of active atoms or radicals, and that if this number 
multiplies without limit then ignition results. Mole presumes that the 
active particles multiply by chain branching and are lost by diffusion, 
but he ignores completely any effect of changing temperature on the rate 
of multiplication or diffusion of the active particles. 

In between these two extreme opinions is a treatment by Landau ® 
of “ Ignition by Local Sources.” Landau, while supposing that the chem- 
ical processes in the small volume adjacent to the source were of the 
chain type, took as his criterion of ignition that the temperature should 
rise without limit at the centre of the small volume. He presumed that 
the local source introduced into a small volume a given concentration of 
active particles but he, like Mole, ignored completely the effect of changing 
temperature on the chemical processes. 

^ Taylor- Jones, Morgan and Wheeler, Phil, Mag., 1922, 43, 359, 

® Mole, Proc. Physical Soc., 1936, 48, 857. 

® Landau, Chem. Rev., 1937, 21, 245. 
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The difficulty of testing these theories of ignition lies in the difficulty 
of measuring the quantities involved in the theories formulated. For 
instance, in the Landau theory, one of the important factors is the initial 
concentration of active particles produced by the local source. There is 
no means of measuring such a quantity. However attempts have been 
made to differentiate between the various theories of ignition. Coward 
and Meiter * determined the volumes of methane-^air mixtures burnt by 
sparks wMch were just insufficient to cause general ignition. They con- 
cluded that the electric spark acted “ mainly, perhaps entirely, as a source 
of thermal energy in igniting a gas mixture.'^ On the other hand, Finch 
and Thompson ^ determined minimum igniting pressures for sparks of 
different energies and of different oscillation frequencies. They found 
that both the total energy dissipated and the rate of energy dissipation 
were unimportant but that the oscillation frequency was the vital factor. 
They concluded that “ ignition is determined by the setting up of a 
sufficient concentration of suitably activated molecules.” Results ob- 
tained by Silver ® and by Paterson ^ on ignition by heated spheres have 
been interpreted by both a purely thermal treatment and by the chain- 
thermal treatment of Landau. 

H. W. Thompson, 8 following a suggestion of Alyea and Haber,® carried 
out experiments on the minimum igniting pressures of mixtures of hydrogen 
and oxygen in the presence of various added gases (cf, also Coward, Cooper 
and Jacobs Thompson determined the minimum igniting pressure 
of electrolytic gas and found that this was lowered by the addition of 
inert gases. From this he concluded that the minimum igniting pressure 
was analogous to the low pressure limit of the low pressure explosion 
region at higher temperatures. He explained the lowering produced by 
inert gases by supposing that the latter prevented the diffusion of chain 
carriers to the walls of the ignition tube. He found that the results were 
quantitatively in agreement with this interpretation in that they obeyed 
the relation suggested by Melville and Lndlam for the effect of inert 
gases on the ” lower limit.” Moreover, the relative diffusion coefficients 
that Thompson found for the different inert gases were entirely reasonable. 
So Thompson was able to explain the ignition of electrolytic gas at these 
low pressures (ca. 40 mm.) in terms of a purely chain theory, and his 
experiments showed no evidence of the thermal effect of the spark being 
the limiting factor under these conditions. However, the results he 
obtained are for rather low pressures (ca. a tenth or twentieth of an 
atmosphere) and the behaviour under these conditions may be quite 
difeent from that at higher pressures. This paper describes a repetition 
of Thompson's measurements with a less intense spark and their extension 
up to pressures of the order of half an atmosphere. 

Experimental Method, 

The explosion was carried out in three different pyrex tubes, attach- 
able through cone-socket joints to an apparatus for introducing the 
different gases which could be evacuated by a mercury pump backed by 
an oil pump. The tubes were all about 25 cm. long and two were of 
internal diameter 2*0 cm. and one of internal diameter 3-7 cm. The spark 
gap, which was situated centrally at a distance from the top of the tube 
about equal to half the diameter of the tube, consisted of two tungsten 

^ Coward and Meiter, J.A.C.S., 1927, 49, 396. 

® Finch and Thompson, Proc. Roy. Soc., A, 1931, 134, 343. 

® Silver, FMl. Mag., 1937, 23, 633. 

’ Paterson, ibid., 1939, 28, i ; 1940, 30, 437. 

® Thompson, Trans. Faraday Soc., 1932, 28, 299. 

® Alyea and Haber, Z. physih. Chem., B, 1930, lo, 193. 

Coward, Cooper and Jacobs, J.C.S,, 1914, 1069- 
Melville and Lndlam, Proc. Roy. Soc., A, 1931, 132, 108. 
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wires, sealed through the p3n:ex walls and having pyrex sheaths up to 
about 5 mm. from their ends so that they were held firmly in one position. 
The diameter of the tungsten wire was 0*37 mm. The distance between 
the tungsten points was measured photographically by throwing a shadow 
with parallel light on to a piece of photographic paper held immediately 
behind the wires. These distances in the three tubes were : Tube A 
of diameter 3*7 cm. : 1-7 mm. ; Tube B of diameter 2*0 cm. : 1-4 mm. ; 
Tube C of diameter 2-0 cm. : 0*42 mm. The spark was obtained from a 
small induction coil running oh a battery of 4 v. All the gases used were 
obtained from cylinders and dried before entering the apparatus, except 
the hydrogen wMch was prepared from sulphuric acid and zinc and passed 
through tubes containing calcium chloride and soda lime before entering 
the apparatus. When different gases were put into the explosion tube 
they were mixed by withdrawing them several times into a mercury filled 
reservoir and then returning them to the explosion tube. The pressures 
of the gases were measured on a capillary mercury manometer. Explosion 
was observed either by seeing the fiame or by noting the pressure change 
on passing the spark. 

The minimum igniting pressures were determined by taking a fixed 
amount of “ electrolytic gas and mixing with it a measured amount, 
of the added gas. The mixture was then tested to see whether it could 
be ignited or not. Three successive failures to ignite were taken as showing 
that the mixture was non-ignitable. The same amount of electrolytic 
gas was then taken and a different amount of the added gas introduced, 
and the mixture tested after mixing. The process was repeated until the 
limit between ignitable and non-ignitable mixtures had been fixed. 
Mixtures close to the limit would sometimes ignite on the second or third 
sparking of a given mixture, having failed with the previous spark or 
sparks. However, this difficulty was small since it only led to an un- 
certainty of one or at the most two mm. in the limit. 

Experimental Results. The effect of the addition of hydrogen, 
oxygen, nitrogen, argon and carbon dioxide on the minimum igniting 
pressure of " electrolytic gas ” has been determined over a wide range 
for the tubes A and B, and for a narrower range, with nitrogen only, for 
tube C. The results are shown in Table I which lists the linoiting pres- 
sures of electrolytic gas and of the added gas for different proportions of 
the latter. 


Discussion. 

The effect of hydrogen, nitrogen and oxygen on the limiting ignition 
pressure of electrolytic gas for the wide tube A is shown in Fig. i, the 
limiting pressure of electrolytic gas being plotted against the pressure of 
the added gas. These curves are typical, in general form, for all the cases 
studied. The most general observation of the present study is that the 
curves in Fig. i consist of two parts, one having a negative slope and the 
other a positive slope. It therefore appears that in small amounts the 
added gas exerts one type of effect, which is the same as that observed 
by H. W. Thompson, but that larger amounts exert a quite different 
effect. For instance, small amounts of nitrogen promote the ignition of 
electrolytic gas, but with larger amounts more electrolytic gas is necessary 
for ignition the greater is the pressure of the nitrogen. The results for 
these two regions will be examined in separate sections : Section A — ^The 
region in which the addition of more added gas aids ignition ; Section B— 
The region in which the addition of more of the added gas hinders ignition. 

Section A. 

H. W. Thompson has interpreted the effect of inert gas in this region 
by supposing that the inert gas aids chain branching by preventing the 
diffusion of chain carriers to the walls where they are destroyed. The 
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TABLE I. — ^The Measured Limiting Ignition Pressure. 


The pressures are given in inin. of mercury ; is the pressure of electrolytic 
ags, that of the added gas. The figures are listed for different added gases. 


Tube A. 

Tube B. 

fe- 

Pa.- 

PafPe- 

PQ- 

P^- 

Ps.lPe- 



Hydrogen. 



123 

0 

O'OO 


0 

O'OO 

100 

130 

1-30 

137 

22i- 

0'i6 

95 

160 

1-68 

128 

504 

0*39 

93 

228^ 

2*46 


724 

0'59 

95 

288 

3*03 

119J 

99-4 

0'S3 

100 

338J 

3*39 

114 

139 

I -22 




1054 

179 

1-70 




105 

200^ 

i'9l 




104 

2 Io 4 

2'02 




1044 

23o|- 

2 ' 2 T 




108 

2504 

2'32 




1144 

300I 

2’d2 

1 



122 

347 

2*84 



Oxygen. 



123 

0 

0-00 

1434 

0 

O'OO 

100 

II 

o-ii 

III 

14 

0*13 

69^ 

26i 

0*38 

81 

304 

0-38 


; 37 i 

074 

6oi 

40 

0'66 

40 i 

1 43 1 

i‘o6 

50I 

47 

0*93 

30 

i 50 

I'67 

4x4 

53 

1*28 

20 

60 

3*00 

324 

61 

i'88 



3'8o 

224 

674 

3-00 

i 7 i 

I 57 i 

9*00 

20 

704 

3*53 

20 

XS9 

9*45 

20 

1454 

7'2S 

30 

295 

9*83 

22^ 

‘ 180 

S'oo 

40 

388^ 

971 

30 

268 

S’93 




40 

375 

9-38 



Argon. 



123 

0 

O'OO 

1434 

0 

0-00 

112 

9 

o*oS 

130 

124 

0‘10 

105 

18 

0'i7 

120 

22 

o-i8 

100 

24 

0*24 

no 

27 

0-25 

90 

35 

0'39 

100 

384 

0‘39 

80 

44 

0-55 

90 

47 

0‘52 

70 

57 

0‘8i 

80 

59J 

074 

60 

72 

1*20 

70 

79 

i-iS 

50 

94i 

1*89 

60 

93 

x*55 

45 

118 

2-62 

50 

119 

2*38 

45 

i8i-| 

4-03 

48 

182 

379 

50 

i 255^ 

5*11 

50 

231 

4*62 

55 

1 317 

576 

! 55 

299 

5*44 

60 

1 37oi 

6*17 

60 

363 

6'05 


Carbon Dioxide. 


123 

t05 

100 

90 

80 

70 

60 

50 

47 

47 

50 

60 

70 

80 


0 

O'OO 

1434 

0 

94 

O'og 

126 

8 . 

13 

0'i3 

106 

184 

21 

0'23 

91 

30 

26 

0*33 


40 

33 

0*47 

67 

54 

424 

0*71 

57 . 

654 

604 

I ‘21 

5 xi 

78 

704 

1*50 

514 

80 

III 

2-36 

57 

1124 

1^74 

2*55 

63 

X44 

177 

2*95 

74 

176 

226 

3*24 

774 

195 

2604 

3*26 

84 

2284 



934 

268 


0-00 

o-o6 

0-17 

0-33 

0-49 

0- 8i 
I’i5 
x*5r 

1 - 55 
x *97 
2*29 

2- 38 

2-52 

272 

2*87 
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TABLE I, — Continued. 


Nitrogen. 


Tube A. 


123 

0 

O'OO 

100 

19 

o-ig 

90 


0*34 

80 

41 

0-51 

70 

5 ii 

0*74 

60 

6i| 

1*03 

50 

88^ 

1-77 

45 


2*53 

45 


2*79 

47 

I 59 i 

3‘39 

50 

2i4i 

4*29 

55 

273 

4-96 

60 

319 

5‘32 

65 

342 i 

5*27 

70 

362 

5*17 

75 

394 

5*25 


i 43 i 

Tube B. 

0 

0*00 

125 

13 

O-IO 

logl 

29 

0-27 

95 

424 

0-45 

79 i 

59 

0*74 

60 

90 

1-50 

50 

118 

2*36 

50 

126 

2*52 

524 

194 

4*08 

55 

2374 

4*32 

60 

271 

4*52 

70 

3554 

5*08 

75 

380 

5*07 

80 

4094 

5-12 

90 

464 

5*i6 


192 

Tube C. 

0 

0-00 

175 

10 

o-o 6 

1484 

344 

0-23 

119 

714 

o- 6 o 

1074 

93 

0*87 

100 

119 

I-I 9 

100 

325 

3*25 


promoting effect of the inert gas on ignition certainly suggests that the 
effect is one of reducing the rate of diffusion of chain carriers. However, 
the chain ignition theory of Mole, and the chain thermal theory of Landau, 
would certainly interpret this, not as preventing diffusion to the wails 
of the tube, but as preventing diffusion of these chain carriers out of the 
small volume round the source of ignition so that the concentration of 
chain carriers (or, according to Landau, the temperature) could rise without 
limit \vithin the small volume. If the explanation of Thompson is correct. 



we should expect to find an effect of tube diameter on the behaviour ; 
while if the latter explanation is the correct one, we should expect to find 
no effect of tube dimension but only one of spark dimension. Thompson, 
ill liis experiments, found that the tube diameter did affect the behaviour ; 
but, on the other hand, Coward, Cooper and Warburton could find no 
effect of tube size or shape in their experiments on the minimum igniting 
pressure of electrolytic gas. Our results also indicated that the tube 
diameter had no effect on the minimum igniting pressure but that the 
spark gap was the controlling factor (see later) . Our results, like those of 
Coward, Cooper and Warburton, therefore suggest that the effect of inert 
gas is to be sought in their prevention of diffusion from a small volume 

Coward, Cooper and Warburton, J.C.S,, 1912, 2278, 
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round the spark. The reason for the difference between the results of 
H. W. Thompson and those of ourselves and of Coward, Cooper and 
Warburton may be that the former used a very much more intense spark 
and hence obtained ignition down to very much lower pressures. Our 
limiting pressures for electrolytic gas alone were of the order of a fifth 
of an atmosphere, those of Coward, Cooper and Warburton of the order 
of a tenth of an atmosphere, while those of H, W. Thompson were of the 
order of a twentieth of an atmosphere. The limiting factor for com- 
bustion of the gas in the tube may therefore have been, in Thompson's 
experiments, the limit of propagation of flame, whereas in our experiments 
and those of Coward and his co-workers the limiting factor was certainly 
ignition by the local source. We may therefore proceed to interpret our 
results on the assumption that in our experiments the inert gas prevents 
the loss of chain carriers by diffusion from a small region round the spark. 

In the following calculations the treatment of Mole has been modified 
on the basis of more detailed knowledge of the mechanism of the hydrogen- 
oxygen reaction. Let us suppose that the spark introduces chain carriers 
into a small volume round it at a rate a. Let the rate of increase of chain 
carriers by branching be proportional to the number of chain carriers and 
to some function of the pressures of hydrogen and oxygen : p . n • 
where n is the number of chain carriers in the small volume and j 8 is a 
constant. Let the chain carriers be lost from the small volume at a rate 
proportional to n \ y . n, where y depends on the diffusion character- 
istics of the gas. Then the rate of growth of chain carriers is given by ; 

dn/dt = a -]- i 3 . ^ POi) — y >n. 

The limiting value of n is reached when dnjdt becomes zero, and is given 
by ; 

^ y - P -np^v i> 0 ,) • • • • 

The limiting value will reach infinity if the second term in the denominator 
becomes equal to the first. The limiting condition for ignition will then be 

y ^ P -fiPiii* P02) • • • • (2) 

if we take, as Mole did, the increase of n without limit as the criterion 
of ignition. Now we must consider the way in which y will vary with 
pressure and composition, and the nature of the function on the right- 
hand side of equation (2). 

Since y is the coefficient determining the rate of diffusion, it is equal to 
the reciprocal of 2 Kg . p^, the sum being taken for all gases present. Kg' 
is the reciprocal of the diffusion coefficient. 

It remains to decide a reasonable form for the function, fipMv Po^) 
on the right hand side of equation (2). The probable succession of pro- 
cesses leading to chain branching is : 

H O2 = OH -f O, 
followed by O + Hg = OH -j- H, 

and OH H- = H^O -h H. 

The average lifetime of a hydrogen atom in the first stage will be pro- 
portional to the reciprocal of the oxygen pressure. Also the average 
duration of the two parts of the second stage will be proportional to the 
reciprocal of the hydrogen pressure. The average duration of the whole 
cycle of chemical reactions that leads to chain branching will therefore be 

=: + ^2 • P^^ 

P02 ■ PUz 
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The rate of chain branching will be proportional to the reciprocal to ^av. 
so we have : 




j’Ea ■ j’Qa 
■ po^ + . p-g_^ 


Thus equation (2) becomes ; 


■ pOt 

h • pOi + /ea • pB.^ 


' K^.pB^^K,,po,■^K^ 


where p^. is the pressure of the added gas. 

The application of this formula to the present measurements will be 
considered in two parts : (i) The addition of hydrogen and oxygen to 
electrolytic gas ; (ii) The addition of nitrogen, argon and carbon dioxide 
to electrolytic gas. It must be remembered that the above formula is 
intended to apply only to the experiments in the low pressure region. It 
will be assumed throughout that the build-up to = 00 occurs before 
the hydrogen and oxygen have been used up appreciably. 

(i) Hydrogen- Oxygen Mixtures. — If the graphs of p^^ against po^ 
are plotted for the two tubes it is found that they are of the same form ; 
and, moreover, that by making a scale adjustment of one of the curves 
relative to the other the two can be made virtually coincident. This 
shows that the behaviour of the two tubes is quite analogous as regards 
the effect of the gas pressures and differs only in the size and nature of 
the spark. The observed values of p^^ and pQ^ at the limit of ignition 
are given in Table II, the figures being taken from Table I. 

Formula (3) can be rearranged to a more convenient form : 


Ps.i POi 


The actual formulae that have been used are : 


For Tube B; ^ + 3.68 M • • • ( 5 «) 

For Tube A ; M + 3-68 (i-ia Po,) . (56) 

The third column of Table II lists the oxygen pressures calculated from 
equation (5) from the observed hydrogen pressures in the first column. 
The fourth and fifth columns of Table II give the difference and per- 
centage difference between the calculated and observed oxygen pressures. 
The mean difference is i*2 mm, and the mean percentage difference is 

%• Considering the simplifying assumptions that were made in the 
derivation of equation (4) this agreement is surprisingly good. 

Comparing equations (4) and (5) it will be seen that ^2/^1 = 6*7, and 
K2IK1 = 3*68. The first ratio measures the relative rate constants of 
the reactions of chain propagators (O and OH) with hydrogen molecules 
and that of other chain propagators (H) with oxygen molecules. The 
above result indicates that the slow reaction in the chain branching pro- 
cess at equal oxygen and hydrogen pressures is H -|- Og — OH -f O, 
and that this therefore is the controlling factor in the rate of chain 
branching. 

K^jK-i measures the ratio of the diffusion coefficients of the chain 
carriers through hydrogen and oxygen. The chain carriers tending to 
diffuse out of the small local region round the spark are oxygen and 
hydrogen atoms and hydroxyl radicals. It is therefore a simplification 
to use only one diffusion term as was done in (3). The magnitude of 
if 2/^1 will be discussed in the next section. 

(ii) Inert Additions to Electrolytic Gas. — In these experiments the 
ratio pBziPOt was always two, so that equation (3) can be transformed to : 
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where j&e is the pressure of electrolytic gas (2H0 4- O^) and fia is the pressure 
of the added gas. Equation (6) can be rearranged to give : 


I I - 

K'. K' Pe 


( 7 ) 


If for ps, = o, ;^e = po equation (7) becomes : 

po^ — pQ^ 

pe^ iiT' pQ 


TABLE II. — Limiting Ignition Conditions of Hydrogen-Oxygen 

Mixtures. 


^H2 (otlS.). 

PO 2 (obs.). 

^Oa (calc.). 

Difference 

Percentage 

Difference. 

249-3 

35-2 

Tube B. 

34*1 

— I*I 

-3 

215*0 

38-0 

36-7 

- 1-3 

“4 

179-2 

39-8 

39-8 

0*0 

0 

154-8 

41*2 

42*1 

4- 0-9 

+ 2 

135-8 

42-7 

44*1 

+ 1-4 

+ 3 

113-8 

45-7 

46*6 

+ 0-9 

1 4- 2 

95-7 

47-8 

48-9 

+ r*i 

4* 2 

74-0 

51*0 

52-1 

+ i-i 

i 

54-0 

57-5 

55-8 

- 17 

1 -3 

40-3 

6o*2 

59*2 

— 1*0 

— 2 

33*7 

63-8 

61-3 

- 2*5 

“4 

27*7 

66*8 

64*0 

-2*8 

-4 

21-7 

71*8 

677 

- 4*1 

-6 

15-0 

75-0 

75-0 

0*0 

0 

13-3 1 

77*2 

78-0 

4- 0*8 

+ I 

223-3 

31*7 

Tube A. 

29*9 

~i*8 

-6 

196-7 

33-3 

33-1 

_ 0*2 

— I 

168-0 

35-0 

34-4 

0*6 

— 2 

82*0 

41*0 

43 -b 

2*6 

4-6 

66*7 

44-3 

45-8 

4 “ 1*5 

4-3 

4^*3 

497 

49*6 

— 0*1 

0 

33-7 

54*3 

52-9 

- 1*4 

-“3 

27*0 

56*5 

55*4 

— i*i 

— 2 

20*0 

(30'0 

59*2 

-0*8 

— I 

I 3''3 

66*7 

66*3 

-0*4 

— I 



Mean * •i'2 

2^ 


Fig. 2 shows the term on the left-hand side of equation (8) plotted against 
p^/pQ for the two gases, nitrogen and carbon dioxide. The results for 
all the tubes are included on the same graph. It will be seen that the 
points for a given gas fall on the same line, independently of the tube used, 
showing that K^/K' is characteristic of the gas and independent of the 
tube, as would be expected. The values of K^/K' for nitrogen, argon and 
carbon dioxide are 2-95, 2*75 and 4*5 respectively. 

Now ^K' = 2Kk^ + iTo, 

and Ko^ = 3*68 iCHa 

So K' — 1*89 ilLHa. 

Therefore = 5'6 i^Ha ; Aa = 5‘2 I and A'coa = 8*5 Kur These 
constants are the reciprocals of the diffusion coefhcients, so that we have : 
D02 = 0'27 = 0*179 Z>Ha ; I>A = 0-192 Z^Ha ; and J^OOa == O-IlS 

Dhs- This also gives for the three inert gases : = 1*52 DcOa J Z 9 a = 
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1-63 jDcOa ; and Da == 1*07 Now omitting, in the first place, the 

cases of hydrogen and oxygen, since these are not fully inert, we may calcu- 
late the approximate ratios of D^JDco^, Da/Dco 2, and for different 

diffusing particles. Let us take the cases of oxygen and hydrogen atoms 
(hydroxyl radicals are likely to diffuse in much the same manner as oxygen 
atoms). Using the following radii : H : o-yA. ; 0 : 1*3 a. ; : 1*89 a. ; 

A: 1*83 A. ; CO2 : 2-33 a., it is found that we calculate for hydrogen 
atoms diffusing : = 1-38 Dooa J Da = 1*44 Dcoa I Da = 1*04 ; 

and for oxygen atoms diffusing: 1*39 Dcoa.* Da = 1-36 Dcoa ; 

Da = 0*98 Dj^g, It will be seen that the figures for hydrogen atoms] and 
, oxygen atoms are 
very similar, and 
that they are both 
in fair agreement, 
as regards order of 
magnitude, with the 
observed figures. 

The figures for hy- 
drogen atoms are, 
if anything, slightly 
closer to the ob- 
served values, but 
the difference is 
small. For instance, 
the relative effec- 
tiveness of argon 
and nitrogen in pre- 
venting diffusion is 
that which would 
be expected for hy- 
drogen atoms but 
not that to be ex- 
pected for oxygen 
atoms diffusing. 

Carbon dioxide 
seems to be rather 
more effective in 
preventing diffusion 
relative to nitrogen 
and argon than 
would be expected 
theoretically. This 
might be due to the, 
fact that it intefered with the passage of hydrogen atoms by reacting 
with them in some way. However, it must be admitted that no decision 
can be made as to the nature of the important diffusing particles. 

As regards hydrogen and oxygen, it is found that Dhj = 5*6 Dn* 
and D02 = 1*5 Dnz- Theoretically we should expect : for hydrogen 
atoms diffusing : Dhz = I’Q D^g and Dq^ = i-i D^a ; and for oxygen 
atoms difiusing : Dh 2=,3'4 D^a and Doa = x*o Djsra- For both the 
theoretical cases the observed values of Dna and Do a are too big relative 
to D^a, though the case of oxygen atoms gives the much closer agreement. 
The high observed values of Dsa and Dq^ may be due to the fact that 
the inert gases exert a bigger cooling effect on the region round the spark 
than does either excess oxygen or excess hydrogen, since with these 
present the rate of reaction is greater, the rate of heat production is greater, 
and therefore the temperature of the local volume greater than if an 
inert gas is present. This higher temperature will render the outward 
diffusion of particles more rapid, and hence hydrogen and oxygen may 
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appear to have bigger diffusion coefficients than would be expected on a 
simple isothermal explanation. 

The general conclusion therefore seems to be that the minimum 
igniting pressure of electrolytic gas in the presence of small amounts of 
nitrogen, argon, carbon dioxide, hydrogen and oxygen can be interpreted, 
to a satisfactory approximation, by the above modification of the theory 
of Mole, and therefore that this theory contains the essential features of 
the problem. However, in detail, there seem to be some anomalies which 
result from the simplifications introduced, such as, for example, the ignor^ 
ing of the temperature in the zone of ignition. However the fact that 
the temperature can be ignored does suggest that the changes in tem- 
perature resulting fi'om the introduction of small amounts of the inert 
gases are of secondary importance compared with the other factors 
concerned in this region. 

Effect of Tube Diameter and Spark Gap. — ^The tube diameter, width 
of spark gap and limiting ignition pressure of electrolytic gas alone for 
the three tubes are given in Table III. It will be seen that the relation 
between the limiting pressure and the width of the spark gap is approx- 


TABLE III. — Effect of Tube Diameter and Spark Gap on the 
Limiting Ignition Pressure. 


Tube, 

1 Tube Diameter 

(cm,). 

1 Width of Spark Gap 
! (mm.). 

Limiting Ignition 
Pressure. 

. (nun.) . 

A . . . , 

37 

17 

123 

B . . . , 

2-0 

1*4 

I 43 i 

C . . . -I 

2-0 1 

0*42 

192 


imately a linear one. The limiting ignition pressure varies regularly 
with the width of the spark gap, but not with the tube diameter. Further 
results with a different type of spark have confirmed this observation. 
So, in agreement with Coward, Cooper and Warburton, it is concluded 
that the diameter of the ignition tube, in experiments under the present 
conditions, has no effect on the incendivity of the spark. As was stated 
previously, it seems possible that Thompson came to a difierent con- 
clusion because he was working at considerably lower pressures than 
those of the present series. 

Section B. 

The second region of limiting ignition pressures, namely that portion 
of the curve in Fig, i which has a positive slope, will now be considered. 
These results are plotted, for the wide tube A, in a different form in Fig. 3, 
the ratio being plotted against the pressure of the added gas, p^. 

It will be seen that in all cases the value of p^jpQ seems to be approaching 
a limiting value at high pressures. In only one case has the limit certainly 
been reached and that is for nitrogen, for which the limiting ratio is 5*2. 
In the other cases it was not possible to reach the limit in the apparatus 
used for fear of bursting the ignition tube. 

The obvious interpretation of this ratio reaching a limiting value seems 
to us to be a thermal one. If one considers a region immediately round 
the spark, for this volume to react explosively and initiate flame a sufficient 
degree and rate of chain branching must occur. Now the degree and 
rate of chain branching increase with rise of temperature and therefore 
a sufficient temperature must be maintained for a certain time in this 
re^on. ^ Let us suppose that the spark is putting active particles into 
this region at a constant rate. Then the rate of production of heat by 
reaction will be proportional to ^e- The rate of rise in temperature caused 
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by this production of heat will be proportional to the rate of production 
and inversely proportional to the thermal capacity of the gas in the 
volume, which is of the form (C© . -h The constants, C, are 

proportional to the heat capacities of the gases. The rate of loss of 
heat by conduction outwards will be independent of the pressure if the 
composition is constant. Therefore the temperature maintained in the 
volume will depend on and also on the heat capacity of the added 

gas. 

Therefore it seems that as we pass from low to high pressures in the 
present ignition system we pass from a region where -the limiting factor 
is a chain, virtually non-thermal, condition to one that, at high pressures, 
is a largely thermal condition, namely the attaining of a temperature 
sufficient for adequate chain branching. 



There are several results of the present investigation that support the 
interpretation presented above, though a full confirmation requires an 
extension of the results to higher pressures. For the three inert gases, 
carbon dioxide, nitrogen and argon, it appears that the limiting value 
of the pxijpQ is ca. sh 5 ‘2 and something greater than 6J respectively. 
This is the order that would be expected from the heat capacities of the 
gases. Carbon dioxide having the largest heat capacity per g. molecule 
has the greatest cooling effect ; while argon, having the smallest heat 
capacity, has the smallest cooling effect. The electrolytic gas can 
‘ ‘ stand ' ' only small additions of carbon dioxide, but quite large additions 
of argon. The limiting ratio for added oxygen is much higher (ca. lo). 
This is probably because the addition of oxygen accelerates the rate of 
reaction, and therefore the rate of heat production, in addition to the 
excess oxygen having a cooling effect. So the electrolytic gas can stand ” 
the addition of a much greater proportion of oxygen. For hydrogen the 
limiting value was not even approached- All that can he said is that the 
limiting ratio for hydrogen is certainly greater than that for carbon 
dioxide as would be expected from the relative heat capacities and from 
the participation of hydrogen in the reaction. 

Another result that supports the present explanation is that the 
limiting ratio is independent of the tube used. Thus for nitrogen it is 
found to be 5*1 in one tube and 5*3 in the other. It appears that -the 
same is likely to be true for argon and carbon dioxide though in neither 
case was the limit reached. It seems to be true for excess oxygen. 

It is important to notice that the effect of the added gas in this region 
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is quite dififereiit from that in the low pressure region. Thus, in the low 
pressure region, nitrogen and argon are approximately equally effective, 
whereas in the high pressure region this is not the case. Also, in the low 
pressure region carbon dioxide is very much more effective in aiding 
ignition than hydrogen ; but, at high pressures, it is more effective in 
hindering ignition. Therefore, there seems to be no doubt that the limit- 
ing factor in the high pressure region is quite different fi'om the limiting 
factor in the low pressure region ; and, at the present, the thermal ex- 
planation seems to account most satisfactorily for the results at high 
pressures. 

Summary. 

The effect of added gas on the limiting ignition pressure of electrolytic 
gas has been studied. It is found that small amounts of the ^added gas 
aid ignition but that larger quantities hinder ignition. It is concluded 
that the first effect at low pressures results from the added gas preventing 
the diffusion of active chain propagators from the region of the spark, 
thus aiding the build up of explosive conditions in this region. The 
second effect at liigher pressures seems to result from the cooling effect 
of the added gas and it is concluded that the limiting factor here is a thermal 
one. The limiting factor in ignition by the spark in the present experi- 
ments therefore changes from what may be called a chain factor to a 
thermal factor on passing from pressures of about a fifth of an atmosphere 
to pressures of about a half of an atmosphere. At atmospheric pressure 
and above it may therefore be concluded that the limiting factor would 
be a thermal one, though the reaction, of course, proceeds by a chain 
mechanism. 

Inorganic Chemistry Laboratory, 

0;\;ford. 


THE ABSORPTION SPECTRA OF ACROLEIN, 
CROTONALDEHYDE AND MESITYL OXIDE 
IN THE VACUUM ULTRA-VIOLET. 

By a. D. Walsh. 

deceived 2gth March, 1945. 

Previous publications 2, 3, 4 ffave described the spectra of ethylene 
and of the simplest examples of the conjugation of C=C groups. The 
spectra of formaldehyde ® and acetaldehyde ® have also been described. 
The present work was undertaken to study the conjugation of a C=C 
with a C ;=0 group. The experimental details have been described in 
the previous papers. 

The Spectrum of Acrolein. 

The acrolein used was a pure B.D.H. product. 

The far ultra-violet spectrum (Plate I) begins with a strong, diffuse, 
region of absorption with a maximum at about 1935 a. No structure is 
visible in this region. It is probably analogous to the strong continua 
found in the alkylated ethylenes and butadienes, f.e. probably an N V, 

^ Price and Tutte, Proc. Roy. Soc., A, 1940, 174, 207. 

® Price and Walsh, ibid., 1940, 174, 220. 

® Price and Walsh, ibid., 1941, 179, 201, 

* Price and Walsh, in press. 

® Price, J. Chem. Physics, 1935, 3, 256. 
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transition of the tt electrons of the molecule. To shortW wavelengths the 
spectruna parallels in many respects that of acetaldehyde and reference 
should be made to the description already given ® of the acetaldehyde 
spectrum. The first strong bands occur at shorter wavelengths in acrolein 
than in acetaldehyde. The i8ooa. system of acetaldehyde has its acrolein 
analogue in a system whose strongest band is at 1750 a., though its in- 
tensity is much greater in acrolein relative to the other bands in the 
spectrum than is the case for the i8ooa. band of acetaldehyde. The 1650A. 
doublet of acetaldehyde is shifted in acrolein (1640 a.) by a smaller amount 
to short wavelengths and is relatively much weaker. These differences 
probably arise from some mixing of the excited ^ electron orbitals with 
those of the non-bonding oxygen electrons. The dimensions to be ex- 
pected for such low excited orbitals would make this appear very probable. 
In the range c, 1700-1550A. there is also a region of weak continuous 
absorption, rather like the subsidiary continuum in propylene lying a 
few hundred Angstroms to the short wavelength side of the first main 
continuxim. Towards shorter wavelengths there is a more definite cor- 
relation of the bands with those of acetaldehyde. The band at 1470A. 
in acetaldehyde has an acrolein analogue at 1460A. As we go to shorter 
wavelengths we find that the acrolein bands are shifted not to short but 
to long wavelengths relative to the analogous bands of acetaldehyde. 
A new band seems to have appeared at 1480A, 

\\Tiereas in acetaldehyde the first few discrete bands observed were 
sharp and it was possible to see the sudden onset of predissociation, in 
acrolein, as in formaldehyde, the first discrete band — ^that at 1750A. — ^is 
predissociated and no fine structure (such as found in the iSooa. acetalde- 
hyde system) is to be observed. This is probably connected with the 
short wavelength shift of the bands relative to acetaldehyde. (It is 
generally found that discrete bands due to carbonyl absorption occurring 
slightly to the long wavelength side of 1750A. are sharp while those at 
shorter wavelengths are diffuse.) 

There are three strong bands in the 1750A. region and, as in acetaldehyde, 
the separations are not equal (1259 cm.-^ and 1089 cm,“^). The third 
band appears much brighter than the second. The second Rydberg 
series described below has a missing first {n = 2) member which may 
occur in this region and be responsible for some of the complications. 

There is a conspicuous ionization potential at about 1220A. It is 
followed as usual by a region of continuous absorption due to the C — C 
and C — H bonds. The bands crowding together to the limit can be 
arranged into three series ; 


= 81,500 

R 

• (I) 

(n + 0'85)= 

Vo ” = 81,460 

R 

■ (2) 

{n + 0-05)“ 

Vo” = 81,516 

R 

(n + 0-32) 

• ( 3 ) 


These three series correspond to those found for acetaldehyde and are 
numbered similarly. As in acetaldehyde, the lower members of the 
first series again seem to consist of doublets, the doublet separation de- 
creasing rapidly to zero. The table gives an idea of the accuracy of the 
equations (i), (2) and (3) respectively. The series are very good, though 
the agreement between observed and calculated frequencies is not quite 
so striking as in acetaldehyde. The smaller number of members observed 
is in part due to interference by emission lines and in part to the more rapid 
convergence of the bands. Series (2) in particular has fewer members, 
but its general appearance is good and it can be seen that several of its 

® Walsh, in press. 
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missing members should fall just where emission lines are observed. The 
three series have approximately the same limit: 81,500 cm..-i probably 
accurate to at least ± 50 cm.”^. This corresponds to 10-057 ± 0-06 v. 
It is to be compared with the value 10*2 v. obtained by electron impact,’’’ 

The second member of series (3) in acetaldehyde is strongly pre- 
dissociated : but it is interesting to notice that in acrolein, although the 
band occurs at only slightly shorter wavelengths, it is strong and shows 
no predissociation. The strong 1400 a. emission doublet probably partially 
obscures the band in acetaldehyde. 

Though the first Rydberg members in acrolein are at shorter wave- 
lengths than in acetaldehyde, the ionization potential is at a longer wave- 
length. This shows that qualitative inferences concerning the shifts of 
ionization potentials from shifts of long wavelength bands can only be 
relied upon where there is only one chromophore absorbing in the region 
concerned. In acrolein, absorption is due to the tt electrons of the mole- 
cule and the non-bonding oxygen electrons ; and the first Rydberg bands 
of the latter are affected by the orbitals of the neighbouring tt electrons. 

The great similarity of the acrolein spectrum below 1700 a. to that 
of acetaldehyde shows that it is dominated by the absorption due to the 
non-bonding zpy lone pair electrons on the oxygen atom. The ionization 
limit observed again corresponds to the removal of one of these electrons. 
The lowered value, relative to acetaldehyde, must mean that there is an 
increased negative charge on the oxygen atom in acrolein. The acetal- 
dehyde molecule has a structure intermediate to the two forms A and B, 

CH3— C-0 CH3— C--0 

H H 

(A) (B) 

about 50 % of the character of each being thought to be normally present.^ 
Evidence for the existence of ionic character comes from (a) a study of 

TABLE I. 


Table showing the Observed and Calculated Frequencies of the 
Rydberg Bands of Series (i), (2) and (3). 


Series I. 

Senes II. 

\ 

1 

Series III. 

2 

67511 

67990 

2 


55348 

2 

60585 

61128 

3 

73964 

74097 

3 

68513 

69664 

3 

71495 

71558 

4 

76757 

76835 

4 

75008 

74770 

4 

75658 

75623 

5 

78303 

78293 

5 

obscured by 

77157 

5 

77640 

77639 





1300 a. 
quintet 





6 

79155 

79161 

6 

78462 

78462 

6 

7877a 

78768 

7 

79709 

79719 

7 

79248 

79252 

7 

79453 

79467 

8 

80072 

80099 




8 

79930 

79931 

9 

80357 

80368 




9 

80235 

80253 

10 

80568 

80568 







II 

80731 

80719 








the dipole moment of the CHgCHO molecule, (6) the sensitivity of the 
C =0 bond strength to substitution in the molecule and (c) the fact that 
in the similar molecule HCHO the observed first ionization potential ® 
is ^ 2 V. less than the ionization potential predicted by Mulliken ® assum- 
ing no ionic character. Acrolein is a hybrid of the three forms, I, II and 
III. 

CH3=CH~CH=0 CH— O CHg— CH=CH— O 

4 — “j- *“ 

I II III 

’ Sugden, unpublished work, 

® Pauling, The Nature of the Chemical Bond, Cornell, 1940, pp. 75, 131, 
TvTniiiiire.n. T. Chem. Physics, 1935, 3, 564. 
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The above spectroscopic facts show that the state of the oxygen atom in 
acrolein is not far difierent from that in acetaldehyde, though the total 
contribution of structures II and III to the hybrid must be slightly greater 
than that of structure (B) to the acetaldehyde molecule. In formaldehyde 
the ionic form must contribute considerably less to the hybrid than in 
acetaldehyde. 

As already mentioned, there are important differences of intensity 
between the acrolein and acetaldehyde spectra. Whereas in acetaldehyde 
the 1800 A. band is weaker than the 1650 a. band, in acrolein the 1750 A. 
band is much stronger than the 1650 a. doublet. The components of 
this doublet are about equal in strength in acrolein, but in acetaldehyde 
the first member is the stronger. The third member of the 1750 a. acrolein 
system has increased considerably in strength relative to the other 
members. Finally, the first member of the strong doublet at 1600 a. 
in acetaldehyde has practically disappeared in acrolein — ^though the 
second member is still prominent. 

The 1600 A. doublet components in both acetaldehyde and acrolein 
have been left unassigned. The position of these bands seems to preclude 
their being a vibrational level of the 1650 a. electronic transition. They 
must be assigned to an as yet unidentified electronic transition. It is 
possible that they inaugurate a fourth and weaker Rydberg seiies of the 
oxygen electrons. Some vibrational structure appears to follow them. 
As already stated, in acrolein only the second member (at 1585 a.) is 
strong. 

The Spectrum of Crotonaldehyde. 

The spectrum of crotonaldehyde starts with a strong continuous 
region of absorption (2100-1900 a.), of maximum at about 2030 a., similar 
to that of acrolein (2050-1850 a.). The long wavelength shift is to be 
expected from the presence of the added CH 3 group if the absorption is 
associated with the electrons of the molecule. Discrete bands occur 
at 1800 A. corresponding to the acetaldehyde bands at a closely similar 
wavelength, A separation ' 1160 cm.-^ is here evident. This is rather 
less than the separation in acetaldehyde which fact would accord with the 
identification of the frequency as that of the C =0 valence vibration, 
since it is known that in the ground state this is reduced in crotonaldehyde 
(1689 cm.”^) and acrolein relative to acetaldehye (1715 cm.-'i}. 

While it is clear from relative intensities that the crotonaldehyde 
bands near 1800 a. are not due to possible acetaldehyde impurity in spite 
of the fact that they lie at closely coincident wavelengths, the bands below 
1700 a. are so closely similar that it is felt that further worli: must be 
done to establish their association with crotonaldehyde. 

Electronic Structures of Acrolein^ and Crotonaldehyde. 

The relevant electronic structure of the simple C=0 group has been 
described in the paper on acetaldehyde. That of the simple C=C group 
is very similar, except that here we have no lone pair of non-bonding 
electrons. It may be represented 

N-. . . . 

{tty represents a pair of electrons forming the first or a bond of the group, 
(x)^ a pair forming the second or tt bond. The (;^) electrons are less firmly 
bound than the { tt ) electrons and are therefore active in producing the 
longest wavelength absorption. Just as for the C=0 group there was 
an excited orbital (J^), so for the C=C group there is an excited antibonding 
orbital (x). The lowest excited state of the C=C group is thus. 

V-. , («)Mx)(x). 

^®Hibben, The Raman Effect , Reinhold, 1939. 
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The effect of conjugating the two groups, C =0 and C=C, is to alter the 
cr orbitals very little : but the effect upon the four tt electrons (two from 
the C =0 and two from the C=C) is to place them in two orbitals (xi) 
and (X2) (■•^wo electrons in each), of wliich the orbital (xa) lies above either 
of the normal (x) orbitals of the tt electrons of the separate C==C and 
C =0 groups. Also the antibonding excited orbital (xa) now lies at a 
lower energy level than either of the (x) antibonding orbitals associated 
with the separate C=C and C =0 groups. Hence the normal state of the 
acrolein or crotonaldehyde molecule may be represented f (c/. McMurry ii) 
N: ... [ttY[ztnx^nx.Yy,’^^ 

The three lowest energy excited states are 

r,: . . . {tf}\zinxiY{x^){h)yo^ 
and the three longest wavelength transitions are 

N N -^B and AT Fi. 

Of these, since the (zt) orbitals are practically unaltered by the conjugation, 
N B will lie at practically the same wavelength as in the case of simple 
aldehydes. Because of this and because of the general similarity to the 
acetaldehyde 1800 a. (N B) region, we may identify the 1800 a. region 
in crotonaldehyde and the 1750 a. system in acrolein as N B in type. 
Since the second member of the acrolein Rydberg series should occur in 
the 1750 A, region, it is probably mixed Rydberg — N R in character. 

Since the (X2) orbital is lower than the (x) level for either simple C=C 
or simple C=0, and since the (xa) level is higher than (x), the transitions 
N A and iV -> will both be moved to long wavelengths as a result 
of the conjugation. In accord with this we find that the weak near ultra- 
violet absorption in crotonaldehyde and acrolein lies at c. 3300 a. 
as compared with 2900 a. in simple aldehydes. The shift of the weak 
absorption from 2900 a. in acetaldehyde to longer wavelengths in croton- 
aldehyde and acrolein constitutes evidence that it is N A in type. 
Its position is to be compared with the position of the weak absorption 
in diacetyi and glyoxal (two conjugated C=0 groups) around 4000 a. 
The latter two molecules, however, differ from acrolein and crotonalde- 
hyde in that they have also a weak region of absorption around 2900 a., 
as in simple aldehydes. 

. The N Fj transition in acrolein and crotonaldehyde must lie at 
longer wavelengths than the N V transition in ethylene (1745 A.) or 
in acetaldehyde (1650 a.). Hence it must be identified with the 1935 a. 
region in acrolein and the 2030 a. region in crotonaldehyde. In butene 
the C=C N F transition is only at 1800 a. One sees how effective is 
the resonance or conjugation, compared with charge transfer, in pushing 
the first N V absorption to long wavelengths. In butadiene, with 
two conjugated C=C groups, the AT Fi transition occurs at 2200 a. : 
as might be expected, the crotonaldehyde or acrolein N Vi absorption 
lies between the butadiene transition and the transitions for the un- 
conjugated molecules ethylene and acetaldehyde. 

t This discussion assumes complete conjugation betweqp the two groups 
C”C and C= 0 . Since the tt ionization potentials in the separate C=C and 
C =0 groups are not the same, this assumption is probably not fully justified. 
Xa is probably localised rather more in the C==C than the C =0 group and Xi 
more in the C =0 than the C~C. However, one must assume considerable 
conjugation, occurs because of the big shift of AT-^ from ethylene to acrolein 
on replacing an H by the strongly electronegative CHO group. 

^’■McMurry, /, Chem. Physics, 1941, 9, 241. 

Eastwood and Snow, Proc. Boy. Soc. A, 1935, 149, 446. 

Ltithy, Z. physih. Chem. B, 1923, 107, 285, 

Thompson, Trans. Faraday Soc., 1940, 36^ 989. 
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The N Fi transition occurs at longer wavelengths in crotonaldehyde 
than in acrolein presumably because of a charge transfer effect similar to 
the shift of the butadiene N absorption to long wavelengths in 

isoprene. It is noticeable that no strong bands occur in the spectra which 
can be attributed to Rydberg transitions of the tt electrons : these transi- 
tions must be much weaker than those of the non-bonding oxygen electrons. 
Price and Tutte ^ have shown that in the alkyl ethylenes (e.g. butene, 
tetramethyl ethylene) relative to ethylene the intensity of the tt Rydberg 
tends to pass into the N V transition. Toluene shows the same ten- 
dency, relative to benzeneP® An analogous phenomenon is probably 
occurring here. It is interesting to note that the appearance pressure 
of the 2p^ oxygen electronic bands is considerably lower even than that 
of the N- Fi, transition. However, the position of the N con- 

tinuum in acrolein and its probable linkage with the first Rydberg orbital 
of the TT electrons (as in ethylene and butadiene) probably mean that the 
first TT ionization potential is higher in acrolein than in crotonaldehyde 
(though both are less than the ethylene value (10*45 v.) and greater than 
the butadiene value (9*02 v.)*) — just as the butadiene first ionization 
potential is higher than that of isoprene. 

It is now possible to explain the intensity decrease of the 1650 a. bands 
relative to the 1750 a. bands in acrolein as compared with acetaldehyde. 
In acetaldehyde the 1650 a. bands were mixed Rydberg — N F. In 
acrolein the AT Fj transition has moved to longer wavelengths as a 
result of the conjugation and left the 1650 A. bands pure Rydberg in type. 
Hence the intensity of the 1650 a, bands decreases. This is evidence that 
the assignment of transitions in acetaldehyde was correct. 

In the above discussion we have neglected the four possible excited 

g-j- 

F,: . . . (^^)^(^^)^(xi)Hx.)(^i):Vo’- 

F3: . . . (unmxi)(x.nx.)yo^^ 

F4 : . . . {u)HmxMx,mi)y^ 

A,: , (mmxi)Hx2mi)yo 

and the corresponding transitions N N F4 and N A 2. 

By analogy with butadiene^® we may expect that acrolein and croton- 
aldehyde have (largely) a trans rather than a cis arrangement of the double 
bonds about the central single bond.j- Similarly, glyoxal is probably 
largely s-trans at room temperature. Eastwood and Snowp® in order 
to explain the wide rotational structure and consequent low moment of 
inertia associated with the near ultra-violet bands of these molecules, 
also assign a trans nature to them. Mulliken has shown that for trans 
conjugation the transitions N ^ V2 and N V 3 are forbidden. Because 
of this and strong masking by the Rydberg transitions, AT Fg, 3 do not 
appear on our plates. AT F4 will occur at shorter wavelengths. 

Walsh, results in course of publication. 

* It seems probable that the ionization potential is less than that of the 
electrons. This means that the formulation of the normal state as given 
above departs from the customary convention of listing the occupied orbitals 
from left to right in the order of decreasing ionization potentials. 

The reason why the non-bonding oxygen electrons are more easily photo- 
ionized or impact-ionized than the tt electrons is probably because, being terminal 
electrons, they are more exposed to outside effects and are not partially pro- 
tected by outlying atoms as in the case of the tt electrons of the molecule. This 
would explain why electron impact experiments do not reveal the presence of 
a X2 ionization potential.’ Possibly at high pressures this ionization potential 
would be observed. Alternatively, the electron impact value of 10*2 v. for 
acrolein may represent a composite value for Xz ^.nd y^. 

Sugden and W^lsh, ibid., 1945, 41, 76. 

t In addition, crotonaldehyde apparently has a trans arrangement of the 
CO and Ctlj, groups about the CC double bond.^® 

^’Mulliken, J. Chem. Physics, 1939, 7, 121. 

Blacet, Young and Roof, J. Am. Chem. Soc., 1937, 59 » do8. 

18 ‘ 
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N A 2 might possibly be identified with the band at 1480 a. which 
seems to have no analogue in the acet£>.ldehyde spectrum. An excited 

D: . . . (itnmxinxrwyo 

will presumably not occur since the C— C group is so far separated from 
the oxygen atom. 

Regions of absorption corresponding to the acrolein 1935 con- 
tinuum have been observed by Hausser and by Hausser, Kuhn, Smakula 

and Hoffer 20 fQj- 
certain conjugated 
aldehydes in hexane 
solution. All these 
regions are to be in- 
terpreted as N -> Vi. 
Fig. I shows a plot 
of N -> Vmax. 
against the number 
of C=C groups for 
the five methyl 
compounds, acet- 
aldehyde, croton- 
aldehyde, sorbic 
aldehyde, octatrien- 
aldehyde and decatetraenaldehyde. In tins figure the vmax. values for sorbic 
aldehyde, octati'ienaldehyde and decatetraenaldehyde are those of Hausser 
or Hausser et oil. raised slightly, since the present vapour phase value for 



crotonaldehyde is slightly higher than the hexane solution value. As 
o, I, 2, 3 . . . C=C groups are inserted in the acetaldehyde molecule, 
the curve falls smoothly and enables the ^ Fi vmax. of higher methyl 
aldehydes to be predicted. Its regularity lends some support to the 
assignment of the AT transition in acetaldehyde to the 1650 a. region. 
Table II gives the data from which the curve has been plotted. 

A similar curve for formaldehyde, acrolein, etc., should also be smooth 

Hausser, Z. tech. Fhysik., 1934, 

Hausser, Kuhn, Smakula and Hofier, Z. fhysik. Cham. B, 1935, 29, 372. 


TABLE II. 



cm 


Hexane Solution, 

Vapour Phase. 

Acetaldehyde 



60,610 

Crotonaldehyde . 

47.390 

49,260 

Sorbic aldehyde 

38,460 

— 

0 ct atr ien aid ehy de 

32,360 

— 

Decatetraenaldehyde , 

30,000 
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and should approach asymptotically the similar curve for ethylene, 
butadiene, hexatriene, octatetraene . . but unfortunately values of 
Vmax. are not available for the aldehydes a,bove acrolein. 


The Spectrum of Mesityl Oxide. 

The far ultra-violet spectrum of mesityl oxide is unfortunately diffuse. 
There are only four or five measurable bands to be seen. The first two of 
these occur as a doublet at about 1940 a. superimposed upon a weaker 
region of absorption extending from about 2060 a. to 1840 a. and of 
maximum about 1920 a. From 1840 a, to 1700 A. at low pressures the 
vapour is transparent. Thence continuous absorption begins, with a 
strong doublet at 1530 a. and a weaker difiuse pair of 
bands at 1700 a. At high pressures strong continuous 
absorption begins fairly sharply at about 2450 A. 

In the near ultra-violet mesityl oxide has two systems, 
one in the region 3300-3100 A. and a stronger one of maxi- 
mum about 2400 A. Our plates show that the latter only 
appears faintly at the pressures sufficient to bring out the 
bands described above. 

With the exception of the 3300 a. region (which is 
almost certainly iV ^ in type) the assignment of the 
absorption regions observed can be little more than specu- 
lative. The 2400 A. peak may represent the N ^ Vi 
transition moved to long wavelengths relative to croton- 
aldehyde owing to the transference of negative charge from the CH3 groups. 
Pulegone (IV), which has much similarity to mesityl oxide has also a strong 
peak around 2400 

Just as the spectrum of acrolein has much similarity to that of acet- 
aldehyde, so has the spectrum of mesityl oxide much resemblance to that 
of acetone. The 1940 a. doublet corresponds closely in position and ap- 
pearance to bands at 1950 a. in acetone which are classified as iV F 
in type.^* Since the nuclear framework in the immediate vicinity of the 


\c/ 

A 

CHo C =0 

I I 

CHg CHa 

\CH 

I 

CH3 

IV. 


C =0 bond is the same in the two molecules and since the zt orbital will 
be little altered by conjugation, we expect similarity in position and 
appearance of the N B bands in acetone and mesityl oxide if the charge 
borne by the oxygen atom is much the same in the two molecules. We 
may deduce that the non-bonding oxygen electrons in mesityl oxide 
probably have an ionization potential not far different from that of acetone. 
This is supported by the fact that the doublet at 1530 a. in mesityl oxide 
occurs at almost identical wavelengths with a similar doublet in acetone 
and so is probably to be identified as a Rydberg transition of the oxygen 
2p^ electrons. 


Summary. 


The spectra of acrolein and crotonaldehyde have been photographed 
in the vacuum ultra-violet. Three well-developed Rydberg series have 
been found for acrolein leading to a conspicuous ionization potential at 
10*057 ± o*o6 V. Below 1900 a. the spectra are dominated by the bands 
due to absorption by the 2p^ oxygen lone pair electrons. The electronic 
structures of the molecules are formulated and an assignment of the 
various possible transitions suggested. This supports an assignment 
previously suggested for the transitions in the acetaldehyde spectrum. 
The spectrum of mesityl oxide is briefly described. 


This work was carried out in 1940-41, war-time conditions having 
delayed its publication. The author wishes to express his great indebted- 
ness to Dr. W. C. Price for continuous encouragement and help. 

Laboratory of Physical Chemistry^ 

Cambridge. 

International Critical Tables, 5, 374. 

Lowry, Simpson and AUsopp, Proc, Roy. Soc. A, 1937, 
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1. Introduction and Summary. 

Previous work on the absorption of direct dyes by cellulose has been 
reviewed in the first paper of this series.^ It should therefore be sufficient 
to point out here that much remains to be done before a real understanding 
of the dyeing process is obtained, and to indicate the ways in which the 
■work now described may be regarded as contributing towards the attain- 
ment of that end. The paper describes experimental work on the absorp- 
tion of Chrysophenine G by cellulose sheet, determined over a wide range 
of temperature and salt concentration. It presents a theory of the dyeing 
process that in most respects agrees well with the experimental data, 
and in particular offers a means of simplifying the presentation of the 
data corresponding to any one temperature. The energy released in the 
dyeing process is calculated, and found to be about 14 K.cal, per mole 
of dye adsorbed, a value that is not inconsistent with the assumption that 
each dye molecule is held to the cellulose by means of two hydrogen bonds. 

The theory presented is not applicable in its present form to dyes that 
aggregate in solution to form ionic micelles, and it is not improbable that 
much of its success when applied to Chrysophenine is due to the fact that 
this dye does not aggregate to any extent. ^ Nevertheless some of the 
theoretical conclusions are applicable with a fair degree of success to the 
experimental data of Neale and his collaborators for Benzopurpurine 4B, 
Chlorazol Sky Blue FF, and Chlorazol Fast Red K, though they also 
may only be slightly aggregated in solution at the temperatures con- 
sidered — 90° and 101° C. Work is proceeding on similar lines with a 
dye that is highly aggregated, and it is hoped that a comparison of ob- 
served and calculated results for such a dye may indicate the directions 
in which the theory has to be modified in order to make it more generally 
applicable. 

2. Experimental Methods. 

(a) The Materials Used. 

The cellulose used in the present work was “ Cellophane ” N600, 
sheet cellulose manufactured by the British Cellophane Co., Bridgwater. 
The glycerol present as plasticiser in this material was removed by leaving 
the sheets in running water for twenty-four hours ; after this the sheets 
were steeped in n/io hydrochloric acid at room temperature for two days, 
and then washed free from acid with distilled water. They were finally 
cut into 5 cm. squares and stored in distilled water until required for use, 
when they were air-dried and weighed, their moisture content being 
determined at the same time. The ash content of the material after 
purification in this way was 0^04 per cent. 

506 
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The dyestuff Chrysophenine G (Colour Index No, 365) is a stilbene 
derivative with the constitution 



It was supplied by the manufacturers, Messrs. I.C.I. (Dyestuffs) Ltd., 
in batch form, and was purified by the method of Robinson and Mills, ^ 
as follows : A hot concentrated solution of the dye is salted out by the' 
addition of a saturated solution of sodium acetate, and the precipitated 
dye is filtered off, leaving much of the inorganic impurity in the filtrate. 
The dye is redissolved, and the process repeated several times until no 
trace of sulphate or chloride can be detected in the filtrate. It is then 
necessary to remove only the sodium acetate, and this is accomplished 
by repeated extraction with boiling alcohol until the presence of sodium 
acetate can no longer be detected. (The cacodyl test was used to detect 
the presence of acetate, and its absence from the final sample was con- 
firmed by X-ray analysis of the latter.) The Chrysophenine purified 
by this process was finally crystallised from an alcohol-water mixture. 
The resulting material is a hygroscopic orange crystalline powder which 
retains appreciable amounts of water even on drying in an oven at iio*^ C. 
and consequently in this work it was always dried in a vacuum oven at 
110° C. before it was weighed out for making up solutions. 

It is necessary to ensure that the purified sample of the dye is free 
from coloured impurities as well as from inorganic electrolytes, and two 
methods have been used to test for the presence of such impurities. The 
first uses the technique of chromatographic analysis. A concentrated 
solution of the purified dye was gently poured on the top of a previously 
prepared column of Merck's alumina, and the dye was adsorbed as a well- 
defined coloured band at the top of the column. With water as solvent 
the hand was then slowly developed through the column, and remained 
as a single band throughout the process. Although the absence of a second 
coloured band can be taken as a strong indication of the absence of 
coloured impurities, the test by itself is not a sufficient criterion of the 
purity of the dye, and consequently a second confirmatory test was used. 
This depends upon the fact that coloured impurities present with a dye 
are generally somewhat simpler substances that have a lower affinity 
for cellulose than the dye itself, with the result that the proportion of 
such substances is greater in an almost exhausted dyebath than in the 
initial dyebath, causing a change in the absorption spectrum. In order 
to compensate for the change in concentration of the dyebath it is of course 
necessary to compare the absorption spectrum of the almost exhausted 
dye solution with that of a solution of the same concentration prepared 
from the purified dye as a whole. The application of this test to Chryso- 
phenine, purified by the method described above, showed no change in 
the absorption spectrum, and the tests taken together therefore provide 
strong evidence that the purified sample is free from coloured impurities 
as well as from inorganic electrolytes. 

(6) The Estimation of Aqueous Chrysophenine Solutions. 

In this work the concentrations of aqneous solutions of Chrysophenine 
have been determined colorimetrically with the aid of a photoelectric 
spectrophotometer ; the determination is, however, complicated by the 
fact that such solutions are phototropic,"^ their absorption spectra depend- 
ing on whether the solutions have been illuminated or stored in the dark 
immediately before measurement. The absorption spectra shown in Fig. i 
for a solution of concentration 5 mg. per litre are characteristic ; the 
upper spectrum D is that of a solution that had been stored in the dark 
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for about i8 hours before it was measured, while the lower spectrum I 
represents the same solution after illumination, which was accomplished 
by illuminating the solution in a parallel-sided glass cell of thickness i cm. 
for 10 minutes with a loo watt lamp at a distance of about i inch. Il- 
lumination for periods longer than lo minutes was found to produce no 
further change in the optical density of the solution at wave-lengths near 
the peak of the absorption spectrum. It is evident from the figure that 

not only is the peak of 
the absorption curve dis- 
placed to a slightly lower 
wavelength by the illumina- 
tion but the extinction 
coefficient is also consider- 
ably reduced. 

As for most phototropic 
phenomena, the change is 
reversible, the absorption 
spectrum of a previously 
illuminated solution return- 
ing to that of a dark 
solution in about i8 hours. 
Fig. 2 represents the varia- 
tion with time of the optical 
density at a wavelength of 
420 tail of a 4 mg. per litre 
solution that had previously 
been illuminated and was 
then kept in the dark. 
Over the initial period of‘ 
7 hours, during which the 
optical densities were 
measured at frequent inter- 
vals, the rate of change is 
practically constant, and 
WAVE.LENGTH change in density over 

Fig. I. — Absorption spectra of 5 mg. per ^ period of 5 minutes is 
litre Chrysophenine solution. D. Solution kept small. On the other hand 
in dark. I. Solution illuminated. the optical density of a 

solution that had previously 
been, stored in the dark changes rapidly on illumination, and under the 
illuminating conditions described is complete in 10 minutes. 

It is therefore more satisfactory to determine the concentrations of 
the solutions immediately after illumination ; solutions of concentration 
2*5, 5, and 10 mg. per litre were illuminated and their optical densities 
measured at a wavelength of 420 This wavelength is greater than 

that at the peak of the absorption spectrum (395 m/z), but was chosen 
because both the intensity of the light and the sensitivity of the photocell 
are greater at this wavelength than at the peak. The plot of density 
against concentration shows that BeeFs Law is valid up to 5 mg. per 
litre, but that there is a deviation of a few per cent, at a concentration 
of 10 mg. per litre. Solutions of unknown concentration were therefore 
diluted to about 5 mg. per litre and their optical densities determined at 
420 m/z, their concentrations being then obtained by interpolation from 
the calibration curve. 

When the solutions of unknown concentr3,tion contained known 
concentrations of inorganic electrolyte the standards were prepared with 
the same concentration of that electrolyte. Otherwise the technique 
of the determination was the same as for solutions of the pure dye. 
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(c) The Determination of the Concentration of Chrysophenine 
in the Cellulose Sheet. 

The main object of the present work was to obtain absorption isotherms 
relating the concentration of the dye absorbed in the cellulose to the 
concentration of the dye in the dyebath when equilibrium is attained. 
The concentration of the absorbed dye is expressed as grams of dye ab- 
sorbed per 100 grams of cellulose, and is referred to as the equilibrium 
absorption. 

If the initial dye concentration is known there are two main methods 
whereby the equilibrium absorption of the dye by the cellulose can be 
determined : — 

(1) By determining the decrease in the dyebath concentration, and 

(2) by determining directly the amount of absorbed dye in the sheet. 



Fig. 2. — Change of optical density with time. Solution : Chrysophenine 
4 mg. per litre ; Sodium chloride i gm. per litre. Cell i cm. Wavelength 420 mfj,. 


The accuracy of the first method depends entirely on the degree of 
exhaustion of the dyebath. If the initial concentration of the dyebath 
of volume z; is Cq. ^nd the final dyebath concentration is c, then the mass 
of dye absorbed by the cellulose is v(Co — c).* Thus if the error of 
estimation of the final dyebath concentration is the relative error in 
the determination of the mass of dye absorbed is approximately Ac/{C(,— c). 
The denominator {cq — c) is small when the dyebath is only slightly 
exhausted, and the relative error is large. Thus in these circumstances 
the method is unsatisfactory ; it can in fact be successfully applied only 
when the degree of exhaustion of the dyebath exceeds 50 per cent. 


m{cQ - c) 


This expression is only approximate. The accurate expression would be 


4 - : 


where m is the mass of dye liquor, Cq and c are the dye con- 


I — c I — c' 

centrations in g. per g. of dye liquor, and w is the amount of water absorbed 
by the sheet from the solution. In the* calibration experiments, however, the 
liquor was always nearly exhausted, so that (i — c) did not difier appreciably 
from I . Since the ratio of the mass of dye liquor to that of cellulose was about 
100 the necessary correction for the adsorbed water was of the order of 0*4 %, 
and was determined from the known dry weight of cellulose in the dyebath on 
the assumption that the amount of water adsorbed from these dilute solutions 
is the same as that adsorbed from saturated water vapour. 
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The second method is not dependent on the degree of exhaustion of 
the dyebath. The absorbed dye in the viscose sheet can be determined 
directly, either by stripping the dye from the sheet with a known volume 
of a hot aqueous solution of Cellosolve or pyridine, and then estimating 
the concentration of the extracted dye in the solution colorimetrically, 
or by direct colorimetric examination of the dyed sheet itself. The former 
method suffers from the disadvantage that it is sometimes difficult to 
extract the last traces of the dye from a heavily dyed sheet, and that 
decomposition of the dye may occur in hot extraction. The alternative 
method involves measuring the optical density of the dyed sheet at a given 
wavelength, and hence necessitates a preliminary calibration to relate 
the optical density to the concentration of absorbed dye. This calibra- 
tion can be accomplished by the first method of determining the decrease 
in the dyebath concentration, the errors inherent in this method being 
avoided by so choosing the dye and salt concentrations in the calibration 
experiments that the dyebath is almost completely exhausted at the end 
of the dyeing. 

The experimental technique used was as follows : A series of dye solu- 
tions of known dye and NaCl concenti'ations was prepared to give for 
the series of dyeings a sufficiently wide range of dye absorptions. Fifty c.c. 
of each dye solution was put into a resistance glass flask fitted with a 
ground glass stopper, and five squares of purified viscose sheet of known 
dry weight were threaded on a resistance glass hook and immersed in each 
flask, and the flasks were sealed with beeswax as a precaution against 
evaporation of the dye solution. Vigorous stirring of the thermostatted 
flasks was achieved by means of a reciprocating motor which rotated the 
flasks alternately in a clockwise and anticlockwise direction. The dyeing 
was continued until equilibrium was attained, when the viscose sheets 
were removed from the solution by means of the glass hook. They were 
rinsed in a cold concentrated solution of sodium chloride to remove ad- 
hering dye liquor and then hung on nickel hooks to dry. 

The mass of dye absorbed by each set of five sheets was determined 
by diluting each of the residual dye solutions to a concentration in the 
neighbourhood of 5 mg. per litre and estimating the concentration of each 
of the diluted solutions colorimetrically as previously described. Since 
the volume of each solution was 50 c.c. the mass of dye absorbed by any 
particular set of sheets was 50 {cq — c) grams, where Cq and c are the 
initial and final dyebath concentrations respectively, expressed in grams 
per c.c. The dry weight of cellulose in each set of sheets was known, 
and the mass of absorbed dye was therefore expressed as grams of dye 
absorbed per 100 grams of cellulose. 

As optical densities greater than unity cannot be accurately measured 
on the photoelectric spectrophotometer used, it was not possible to 
measure at a single wavelength the optical densities of all the sheets over 
the entire range of absorbed dye concentration. Four arbitrary wave- 
lengths, 420, 500, 510, and 520 mfz were therefore chosen to cover the 
range of dye concentration, and four calibration curves were obtained, 
each appropriate to a certain range of concentration. Each sheet of a 
particular set was mounted between two glass plates, and its optical 
density measured at the appropriate wavelength. The necessary cor- 
rection for the light reflected and absorbed by the glass plates and the 
viscose sheet was made by measuring the optical density " of an undyed 
sheet mounted between the same glass plates. In practice several undyed 
sheets were so measured, and the mean “ optical density so obtained 
was subtracted from the optical density of the dyed sheet similarly 
measured. The optical densities of the five dyed sheets in any one set 
were found to be consistent to within about 5 %, indicating a fair uni- 
formity in the thickness of the sheets. 

The mean optical density of| the five sheets in each set was plotted 
against the corresponding concentration of the absorbed dye. A straight 
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line was obtained at the wavelengths 420 and 500 m/i, showing that Beer’s 
Law is applicable, but at the higher wavelengths there was a small devi- 
ation from Beer's. Law. These calibration curves enable the concentration 
of the absorbed dye in any sheet of .the same thickness to be determined 
from measurements of the optical density at the' appropriate wavelength. 

The dyed sheets are slightly phototropic ; the optical density of a 
dyed sheet that has previously been kept in the dark is reduced by about 
7 % when the sheet is illuminated for ten minutes by a 100 watt lamp 
at a distance of i inch. The existence of this effect was not realised when 
the calibration was done, and consequently standard illumination of the 
dyed film was not employed. A small random error is therefore present 
in the estimates of the density of the dyed films, according to the degree 
of illumination they received, before measurement. 

(d) The Determination of the Absorption Isotherms. 

The equilibrium absorption of the dye by the cellulose at any definite 
temperature depends upon both the residual dyebath concentration and 
the concentration of inorganic electrolyte present ; there are thus two 
independent variables, and the series of isotherms required at each tem- 
perature is necessarily extensive, each isotherm relating the concentration 
of absorbed dye to the dye concentration in the residual dyebath for a 
fixed concentration of inorganic electrolyte. In the present work a series 
of such isotherms was determined at each temperature, each isotherm cor- 
responding to a definite concentration of NaCl. The temperature range 
studied extends from 20 to 97*5'^ C., and at the highest temperature a 
series of isotherms with NagSO* as the inorganic electrolyte was also 
determined ; finally isotherms were determined for dye solutions free 
from inorganic electrolyte. 

The experimental technique used was very similar to that described 
above for the calibration experiments. For each experiment six solutions 
were prepared of varying dye concentration but constant salt concentra- 
tion. At the beginning of an experiment these solutions were brought 
to the required experimental temperature in a thermostat, and a set of 
five purified viscose sheets of known dry weight was immersed in each 
solution ; the flasks containing the solutions were then sealed with bees- 
wax or picein according to the temperature. Dyeing was continued for 
a length of time that a preliminary experiment had shown to be ample 
for the attainment of equilibrium, whereupon the sheets were removed 
from the flasks, rinsed with concentrated sodium chloride solution, and 
dried. The mean optical density of each set was then determined as 
previously described for the calibration experiment, and the concentration 
of absorbed dye determined from the calibration curve. 

Since both the concentration of absorbed dye on the cellulose and the 
weight of cellulose are known, the total mass of dye m absorbed by the 
cellulose is readily calculated. Then if the initial concentration of the 
dye solution of volume u is Cq, the concentration of the residual solution 
at equilibrium is [vCq — m)lv. The isotherms are of course obtained by 
plotting the concentration of absorbed dye against the residual dyebath 
concentration for each salt concentration studied. 

3. Experimental Results, 

The amounts of Chrysophenine absorbed by cellulose sheet from 
solutions of various dye and NaCl concentrations are given in Table I 
for a temperature of 97*5*^ C., and corresponding data for temperatures 
of 80, 60, 40, and 20° C. in Tables II-V ; figures obtained at 97*5° C. 
with Na2S04 as electrolyte are presented in Table VI. If the dye uptake 
is plotted against the dye concentration for each salt, concentration and 
temperature a series of isotherms is obtained ; these are in many respects 
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similar to the isotherms generally found in adsorption work, as is evident 
from Fig. 3, where the data obtained in the px*esence of sodium sulphate 
are plotted. In particular the data conform to the Freundlich adsorption 
equation x == where x is the amount adsorbed, c is the concentration 


TABLE I.— -Absorption of Chrysophenine G by Cellulose at 97'5® C., in presence of 
Sodium Chloride. 

[(a) = Dyebath concentration, g. per I. (6) == Dye absorbed by cellulose, g. per 100 g.J 
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Fig. 3. — Absorption isotherms of Chrysophenine. Electrolyte, sodium sul- 
phate. Temperature 97-5° C. Sodium sulphate concentration (g. per litre) 
indicated on each curve. 


of the solution, and a and n are constants. This is illustrated by Figs. 
4 and 5 ; in Fig. 4 log x is plotted against log c for a series of NaCl con- 
centrations at 97*5° C., while Fig. 5 shows similar relations for a fixed 
NaCl concentration and various temperatures. The lines are for the most 
part reasonably straight, although there is sometimes an indication of 
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table II. — Absorption of Chrysophenine G by Cellulose at 80° C., in presence of Sodiuw: 

Chloride.' 

[(a) = Dyebath concentration, g. per 1. (6) = Dye absorbed by cellulose, g. per loo g.J 
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TABLE III. — Absorption of Chrysophenine by Cellulose at 60° C., in presence of Sodiuh 

Chloride. 


[(a) == Dyebath concentration, g. per 1. (6) = Dye absorbed by cellulose, g. per 100 g.] 
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TABLE IV. — Absorption of Chrysophenine by Cellulose at 40° C., in presence of Sodium 

Chloride. 

[{a) = Dyebatb concentration, g. per 1. (6) = Dye absorbed by cellulose, g. per 100 g.] 
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slight curvature, and their slopes are not greatly diFerent, indicating that 
the value of n does not vary to any large extent. 

TABLE V. — Absorption of Chrysophenine bv^ Celetjlose at 20“ C., in presence of Sodium 

Chloride. 

[[a) = Dyebath concentration, g. per 1. (6) = Dye absorbed by cellulose, g. per lOo g.] 
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TABLE VI. — Absorption of Chrysophenine by Cellulose at 97-5“ C., in presence of Sodium 

Sulphate. 

[{a) ^ Dyebath concentration, g, per L (6) = Dye absorbed by cellulose, g. per 100 g.] 
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Determinations of equilibrium absorption were made at 90® and 60® C. 
in the absence of any added electrolyte ; the results are given in Table VII 


TABLE VIL — ^Absorption of Chrysophenine by Cellulose at go® and 60° C. in absence 
OF ADDED Electrolyte. 


90® C. 

60° C. 

Dyebath 





Dyebath 







concen- 

tration, 

Dye absorbed by cellulose, 1 

concen- 


Dye absorbed by cellulose, 


g. per 


g. per 100 g. 


g.per 


g. per 100 g. 




litre. 





litre. 







0-096 

0*0085 

0-0085 



0*1 9 

0*036 

0*021 

0-041 

0*033 

0*033 


0-190 

0*023 

0-021 



0-24 

o-o6i 






0-29 

0*039 

0-043 



0*29 

0*071 






0-38 

0-057 

0-055 

0-048 


0-38 

0-102 

0*099 

0*089 

0*110 

0*097 

0-074 

0-47 

0-076 

0-076 

0-079 

0-083 

0-48 

0-146 

0*112 

o*ii6 

0-108 



0-57 

0*093 




0-57 

0-153 

0-159 

0-153 

0*149 

o*i68 


0-66 

0*132 




0*67 

0*178 






0-76 

0*136 

0-135 

0-151 

0*152 

0*76 

0-238 

0*242 

0-259 

0*226 

0*221 

0-231 

0-85 

0-178 




0*85 

0-258 






0-94 

o*2o8 

0-196 

0*221 

0 

6 

0-95 

0-352 

0*324 

0.327 

0-323 

0-312 

0-296 

1-12 

0*292 

0-298 



1*13 

0*377 

0*417 

0-380 




. 1-32 

0-355 

0-351 



'1*32 

0*504 

0*467 





1-50 

0*401 

0-432 

0-422 


1-51 

0*349 






1-68 

0-467 

0-461 



1-69 

0-651 

0*651 





1-87 

0*518 

0-583 

0-306 


1*88 

0-749 

0*730 

0*709 

0*728 




and the absorption isotherms shown in Fig. 6. The values of the equili- 
brium absorption are less reproducible than those obtained in the presence 
of a foreign electrolyte, and the results of replicate experiments are given 
in the Table instead of a mean value for each concentration. In spite of 
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this greater variation in the experimental results the shape of the iso- 
therms is fairly well defined (Fig. 6) ; showing a point of inflection, they 



Fig. 4. — Absorption isotherms of Chrysophenine on viscose sheet at 97*5® C. 
Concentration of sodium chloride in gm. per litre is indicated on each line. 


are essentially different from those obtained in the presence of sodium 
chloride or sulphate. They are, however, similar to the isotherms obtained 



Fig. 5. — Absorption isotherms of Chrysophenine on viscose sheet at a fixed 
sodium chloride concentration of 0*2 g. per litre. 


by Neale ® for the absorption of Sky Blue FF by cellulose sheet over a 
range of relatively low sodium chloride concentrations ; Neale attributes 
the sigmoid shape to the presence of oxycellulose in the sheet. 






5i6 absorption OF CHRYSOPHENINE BY CELLULOSE 

At 6o° and 90^ C. the values of the equilibrium absorption correspond- 
ing to a dyebath concentration of i g. per litre are 0*335 0*235 S’- of 

dye per 100 g. cellulo-se. These values are appreciably higher than can 
be attributed to the absorption of 'the dye liquor by the sheet, and lead 
to the conclusion that, for Chrysophenine, adsorption of the dye by the 
cellulose occurs even in the absence of foreign electrolyte. This is at 
variance with the conclusion reached by other workers, using other 
dyes.®. ’ 

The results given above, in conjunction with many other sets of data 
recorded in the literature, have established the following facts about the 
uptake of dyes by cellulose : — 

(i) The amount of dye absorbed by a sample of cellulose placed in a 
dyebath at a constant temperature increases with time to a definite 
limiting or equilibrium value dependent on the quality of the cellulose. 



Fig. 6 . — Absorption isotherms of Chrysophenine on viscose sheet in the 
absence of foreign electrolytes. 

(2) The limiting amount of dye absorbed per unit mass of cellulose 
is a function only of (a) the dye concentration in the residual dyebath, 
(b) the concentration of electrolyte, and (c) the temperature. This state- 
ment implies that the absorption per unit mass of cellulose is independent 
of the maimer in which the final equilibrium state is reached. 

(3) At a given temperature and salt concentration the dye absorption 
at equilibrium increases with the dye concentration, rapidly at low con- 
centrations, less rapidly at higher concentrations, but without the attain- 
ment of a saturation value. 

{4) At a given temperature and dye concentration the dye absorption 
at equilibrium increases with the salt concentration, rapidly at low con- 
centrations and less rapidly at higher concentrations. 

(5) At given dye and salt concentrations the dye absorption at equili- 
brium decreases rapidly with increasing temperature. 

In the succeeding sections of this paper an attempt will be made to 
develop a reasonable theory of the dyeing process that is consistent with 
these facts. 

4. A Theory of Direct Dyeing. 

(ct) Introduction. 

The phenomenon of substantivity points to the existence of some sort 
of attractive force between the dye anions and the cellulose, and the 
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view taken here is that throughout the cellulose there exist numerous 
active centres, no doubt associated with the individual molecules, which 
are capable of attracting to them these ions. The nature or origin of 
this attraction will not initially be considered ; whether it is due to a loose 
chemical binding force or to a pronounced Van der Waals' attraction 
does not make much difference to the theory except for one point :• it is, 
strictly speaking, necessary to know whether the activity of a centre is 
affected by the fact that a dye ion has or has not been absorbed. If the 
attraction is of the chemical bond type it is probable that the attraction 
for other ions will cease when one ion has been absorbed, but if the attrac- 
tion is of the Van der Waals’ type it is probable that the activity does not 
vanish with the absorption of an ion. However, this is a point that need 
not be considered for the present, for the mathematical argument will 
be developed on the assumption that the activity does not vary with the 
number of ions already absorbed, and it will subsequently be shown that 
for comparatively small amounts of absorption little difference actually 
arises, and that in any case the necessary modification can be introduced, 
if required, for larger amounts of absorption. 

The attraction between an active centre and the anionic dye micelle 
can be represented by a potential function 0, which will vary with the 
distance from the active centre. The actual value of the potential at an 
active centre represents the energy per gram-molecule of dye adsorbed. 

In order to keep the mechanism as simple as possible to begin with, 
it will be assumed for the time being that all ions of dye and electrolyte 
can be treated as points, and that they follow the laws for a perfect gas. 
Dissociation of all dye and electrolyte will be assumed to be complete, 
and it will be assumed that there is, in the first instance, no aggregation 
of the dye anions. The thermodynamic treatment is developed through- 
out in terms -of concentrations instead of activities — an approximation 
that can be allowed for if the activities of aqueous dye solutions are known. 

(b) General Account of the Theory. 

An account of the theory in general terms can now be given. The 
dyestuffs considered are of the type AxRy, where A+ is a simple cation 
and R" a complex organic anion. The field of force must act upon the 
anions R- but there is no reason for supposing that a comparable at- 
traction will be exerted upon any of the other types of ion present, because 
ordinary simple salts are not absorbed by cellulose in the way that dyes 
are. 

Consider now a single centre of attraction, surrounded by a field of 
force described by a potential xjt whose value at any point will be a function 
of the position co-ordinates of the point, and will tend to zero at large 
distances from the centre. If p denotes the ionic concentration of the 
ions R~ at any point, the energy of attraction for any distribution of such 
ions will be (integrated over all space). 

This quantity will tend to assume its lowest possible value, which means 
that, other factors being neglected, all the ions present would finally 
be concentrated at the centre. But the one important factor that will 
prevent this occurring in practice is the kinetic agitation common to all 
particles. From the opposite point of view, if there were no field of force 
this kinetic agitation would produce a uniform distribution of ions, but 
the field of force upsets this distribution, and a final state of equilibrium 
is reached when the two opposing tendencies are everywhere balanced. 
The resulting distribution is one that shows a maximum concentration 
at the centre of attraction, where j/r is lowest, and decreases to a steady 
value in the more remote parts of the field where ifs tends to a zero value . 

It is obviously reasonable to assume that the total excess of dye con- 
centrated in the neighbourhood of an active centre represents the dye 
preferentially absorbed by that centre, and that the total dye absorbed 
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by a finite portion of cellulose is simply the total contribution of all the 
active centres that it contains. The structure of the cellulose does not 
come into consideration at all (except in so far as it affects the value of ^), 
its function being merely to furnish over a localised portion of the dye- 
bath a distribution of active centres. . 

Consider now the effect of increasing the temperature. The mean 
kinetic agitation of the ions is increased, so that more opposition is offered 
to the absorption tendency of the field of force. The existing distribution 
is therefore upset, and a new equilibrium distribution is found in which 
there is a smaller concentration of ions in the neighbourhood of the active 
centres. An increase in temperature therefore produces a decrease in 
absorption, just as is observed in practice. 

The influence of the presence of an electrolyte can be understood from 
similar considerations. Suppose, to begin with, that no electrolyte is 
present, and, for the sake of simplicity, only one dye molecule, AR, This 
molecule will be dissociated into A+ and R“ and though these ions are 
nominal^ free, yet they cannot move far from one another because of 
the electrostatic force operating between them, which may be expressed 
by saying that a condition of electric neutrality must be maintained over 
any '‘physical element of volume." It follows then that the tendency 
of the dye cation A+ to move about at random communicates itself to 
the dye anion R”, and so increases its effective kinetic agitation without 
making any contribution towards its energy of attraction. Hence the 
anions R” will be less intensely concentrated round the active centre than 
if the cations A+ were absent. The mathematical development shows that 
the effect of adding electrolyte is to minimise this restraining action on 
the part of the cations A+, and to allow the anions R~ to be absorbed more, 
as they would be if the cations A+ were absent. In the extreme case of 
infinite excess of electrolyte, the anions R“ operate as if they were com- 
pletely free, and the absorption then has its maximum value for the 
particular temperature. It is thus seen that the effect of the presence 
of electrolyte is not to drive the dye on to the cellulose in a positive sense, 
hut to neutralise an existing inhibitory effect. 

The result of increasing the concentration of the dye solution is 
readily understood in a general way. For increased concentration 
means a greater number of available dye ions and therefore a greater 
density of anions in the neighbourhood of the active centres, when equili- 
brium is attained. But when electrolyte is present the effect will not 
be proportional to the concentration of dye, because an increase in the 
concentration of dye reduces the ratio of the concentration of electrolyte 
to that of the dye, and so decreases the effect of the electrolyte. The 
result is that the absorption does not increase in proportion to the con- 
centration of dye present, but increases at a smaller and smaller rate as 
the dye concentration is raised. This is as is found in practice. 

(c) Mathematical Development of the Theory. 

(1) The Symbols Used. — The symbols used in the mathematical de- 
velopment of the theory are as follows : — 

A+, R“ denote the ions constituting the molecule of the dye studied. 

B+, S“ denote the ions of the electrolyte used to assist dyeing. 

a, b, r, s are the valencies of these ions. 

a, p, p, or the corresponding Greek letters, are the gram-ionic con- 
centrations of the ions A-*-, B+, R~, S“ respectively. 

0 describes the potential field surrounding an active centre 

of attraction, so that pi/idv represents the energy of attraction 
j of particles of type R located in an element of volume dv, 

— 0fo is the constant value that i/r is assumed to possess for certain 

calculations. 
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Po, (To are the values of a, jS, p, ct at infinity, which in practice will 
be the values possessed outside the cellulose phase. 

= e^^. 

— 

~ rpo 

is defined by the equation = Xw^ + pw^. 

When the assumption is made, v is the volume 

associated with each active centre over which po extends, 
is the total of such volumes in unit (dry) mass of cellulose, 
is the amount of dye (in gram-molecules) preferentially 
absorbed by unit mass of cellulose, 
is the specific volume of the (swollen) cellulose. 


(2) Dyeing in the Absence of an Inorganic Electrolyte. — In the first 
instance the problem will be limited to the determination of the dis- 
tribution of dye ions round a single centre of force, and the result will 
be applied subsequently to a system of many active centres on the 
assumption (later justified) that there is no mutual interaction between 
the various centres. Further, for the sake of simplicity, attention will 
first be directed to dyeing in the absence of inorganic electrolyte. The 
problem may therefore be stated in the following terms : given an in- 
finite distribution of ions subject to the influence of a conservative field 
of force whose potential is p (x, y, z), which decreases to zero at infinity, 
to determine the equilibrium distribution p (x, y, z) at any temperature 
T, the ions being assumed to obey the perfect gas laws. 

When the system is in equilibrium, its total free energy must have a 
stationary value, so that variations of this energy must be zero for all 
possible small variations in the distribution p that are consistent with the 
condition that the total number of ions remains unaltered. 

The free energy of the systein is made up of two parts : — 

(1) the potential energy of the ions in the field of force. This is simply 

f pp&o, the integral being extended over all space. 

J V 

(2) The energy of the system arising from the kinetic agitations of 
its separate ions. For one mole the free energy is RT log p/p^ where 
p is the molar concentration and p^ is an arbitrary concentration taken 
as standard of reference. This is equivalent to a volume densitjr of free 
energy of 

(RT/v) log p/pi = RT p log p/pi. 

The total free energy is therefore 

j (RT p log p/pi + p<l>)dv (i) 

The variation of this integral is to be determined subject to the condition 
that the total amount of mass is conserved, a condition that is expressed 
by the equation 

f pdv = constant. . . . - (2) 

V 

The method of the Lagrangian multipliers is used, the integral 

I = f (RTplog p/pi -f pp)dv -f aC pdy . . . (3) 

J V J V 

is formed where A is a constant as yet undetermined, and the variation 
of this integral is determined for completely arbitrary but small variations 
of p giving 

Si ~ r i^RT log p/pi “h RT -j- p -|- A)Sp . dv. 
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The condition Si = o is satisfied only if 


which leads to 

i.e. 


RT log /)//)! 4- -f ^ + A = 0 




A 

RT 


p ^ Pi e 


A ip 


The constant A may now be chosen so as to satisfy the particular con- 
ditions of the problem. Thus at infinity, where = o, 

A 


P = Pi ^ 


RT 


and this may be equated to the density Pq infinity, which may be re- 
garded as known. This gives finally 




P = Po e (4) 

which is a well-known result. 

If now the field of force is due to an attractive centre, ijj will be negative, 
and p will evidently be greatest where iff is numerically greatest ; p will 
therefore rise as we approach the centre of attraction. The general effect 
is indicated in Fig. 7, where the dotted curve shows the way in which 
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Fig. 7. — ^Variation of the potential ip and the concentration p with the 
distance r from an active centre. 



the potential may be expected to vary. The continuous curves show the 
consequent variation in particle density with the distance from the centre 
for different temperatures. An increase in the temperature is clearly 
seen to result in a decrease in the concentration of particles round the 
centre. 

The quantity (p — p^) integrated over all space can evidently be 
taken as a measure of the amount of matter absorbed by the active centre. 

This simple example is given as an introduction to the more general 
problem which will now be considered, and which will be found to be of 
more direct application to the behaviour of dyes. 
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(3) Dyeing in the Presence of a Multivalent Electrolyte. — Let the 
dye dissociate into ions A+ and R"', and the electrolyte into B+ and S-. 
The charges carried by these ions are denoted by the corresponding small 
letters, a, r, h, s and the corresponding Greek letters a, p, p, a, are used 
to denote the molecular concentrations of these ions at any point of space. 

As before there is assumed to exist a potential function ijs that operates 
only upon the dye anions R-. The total energy due to the field is there- 
fore f /)0d?;. Each type of ion, however, makes a contribution towards 

j ® 

the free energy of kinetic motion of the system, and the total free energy is 


I = f [jirfalog^ + ^\og~ + /)log^ + (Tlog^’)+ . (5) 

J yU \ Oq Cfl Cq Oq/ J 

Co being the concentration taken as zero of reference. 

To determine the actual equilibrium distributions for each type of ion 
present the complete variation of this integral for all possible small 
variations of each of the quantities a, ft p, a, must be equated to zero, 
the variations being subject to the following, conditions : — 

(i) The total amount of each kind of ion present remains unaltered 
in the variation, a condition that is expressed by the equations 


[ adv = 
f ^dv = 

J V 


const. 

const. 


I />dz; = const. 

J V 

r adv = const. 
J U 


. ( 6 ) 


(ii) Throughout all space each physical element of volume dv remains 
electrically neutral. This is expressed by the relation 


aoL hp — rp — s<T ^ o ( 7 ) 

To calculate the variation of I subject to these conditions a new integral 
is formed : — 

J = f log ^ ^ log ^ + p log ^ + <7 log 

•'j;!— v i'Q Cq Cq/ 

-j- ^/) + Aa-1- jLtjS vp -f- ojcr — vp — scr)]di/ . (8) 

where, according to the theory of the Calculus of Variations, the co- 
efficients, A, /X, V and w are to be treated as undetermined constants, and 
the coefficient ^ as an undetermined function of the spatial co-ordinates. 
The variation of this integral is 

SJ = [ [RT log a/Co + RT + A 4- aj) Sa . d}v 

J V 

J (RT log PIcq -f- RT -f- p, -}- ^4) . dv 

-j- f (RT log p/C(f -|- RT -j- ^ — '^'4) • dv 

J V 

4 “ {* [RT log o/Cq RT 4~ — s4) Sc • d.v, 

J V 


The relation 8l = o, subject to the conditions mentioned previously, 
is now equivalent to the relation SJ = o for certain particular values of 
the arbitrary quantities introduced, the variations Sa, 8/9, Sp, Scr in the 
latter case being treated as completely independent. The relation S J = o 
is evidently satisfied for arbitrary independent variations Sa, Sft Sp, So- 
only if the coefficients of these terms are separately zero. This leads to 


a 

P 


Coe 

Coe 


_L 

'rt 

V ^ 

RT 




^ e ^ RT 


4' = 4/RT, 


(9) 


where 
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Now it is the aim of this problem to express the amount of dye ab- 
sorbed by cellulose in terms of the dye and electrolyte concentrations 
with which it is in equilibrium. It seems natural to interpret these con- 
centrations in terms of the values of a, jS, p, a at infinity, where the influence 
of the field of force will be zero. If the values of a, j3, p, a at infinity are 
ao» j8o» Poi 0*0 "tFe results can be expressed in a simpler form. For put 

(ji' ^ ^ 


where (f)\ is the value of the function at infinity. 




and at infinity 


0^(1 — ^0 ® 




Then 


The same process is applicable to p, p, and a giving equations 
a = ao 

v_ 

P= . . (lo) 


The function ^ Be determined by substituting the above ex- 

pressions in the relation 

aa bp rp — sa = o, 

giving 

aoco -f- bPfi = rpQ e 4- sctq 


which is an equation for the function x terms of ip. The equation 
simplifies somewhat by reason of the fact that since the molecules AR, 
BS are electrically neutral 

aoLQ == rp 0 and = sa^ 


so that, putting at the same time 


the result is 


^ 

ez ~ e ^ X, and sa^lyp^ = p, 
^-o pui)-^ = Xw^ 4- pW^. 


(ii) 


(c) Solution of the Simplest Case. 

The above equation (ii) is an algebraic equation of general degree 
in w, for which it is impossible to lay down any general solution. An 
exact solution is possible, however, for certain particular values of a, b, 
r and s. The simplest possible case is a™6==r — 5 — i, and as this 
should show the properties of the more general case, some attention will 
be devoted to it. 


The solution is to = 


4 


p + 1 
P + X 


so that the complete formulae for a, ;8, p, a can now be written down, 
expression for p is, however, the most interesting ; it is 

Wfri ■ ■ ■ • 

As indicated previously, it is reasonable to take the integral 

f (p - p„)&V . . . . 

•* V 


The 


(13) 


(evaluated over all space) as our measure of the dye preferentially ab- 
sorbed by an active centre, it being supposed that in practice almost the 
entire contribution of this integral is located in the immediate vicinity 
of the centre. 

Now before the amount absorbed can be calculated, it is necessary to 
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know the form of the function Here there is no information to serve 
as guide ; all that is known of the function 0 is that it must be such as 

to make the integral j (p ^ Po)^I^ convergent at infinity. 

Nevertheless if the theory is to be developed further, some arbitrary 
form for iji must be assumed. The most natural assumption is to suppose 
that, ifs is an inverse power function of the distance from the attractive 
centre, ifi = k jd}-^ which corresponds to an attractive force varying as 
the inverse Zth power of d. This leads to a very complicated integral, 
which, as can readily be shown, is not convergent unless Z > 4, Hence 
if the law of force is of the inverse power type, the force must decrease 
more rapidly than with the inverse fourth power of the distance. The 
existence of such large inverse powers is hy no means unlikely ; measure- 
ments of the temperature variations of the viscosities of gases call for 
the existence of such forces (Z== 5 to 12) for their interpretation.® 

The difficulty of studying the consequences of such fields of force makes 
it desirable to confine initial investigation to a more simple type of field, 
and for the present it will be assumed that the potential \jt has a constant 
value — 1^0 inside a closed region surrounding the active centre, and that 
outside this region it is everywhere zero. This assumption can be re- 
garded as furnishing a reasonable first approximation to the shape of the 
function, and so may be expected to lead to the general order of the results 
that would be derived from a more accurate calculation. In considering 
deviations from the resulting theory, the effect of modifying the calcula- 
tion by using a modified form of potential function should always be 
borne in mind. 

With the above simple form for the function 0 the integration required 
to determine the amount of dye absorbed, [ (p — is simple ; the 

result obtained is 

Vo / ^ 

J Jp - Po)di/ = p _|_ gVo/Jjr “ • • ^^4) 


where v is the volume round the attractive centre over which the potential 
^0 extends. It is important to notice that this formula places no restric- 
tion on the shape of the volume v — it may have any shape whatsoever. 
This is fortunate, because in practice it is obvious that the bulky cellulose 
molecules will prevent the particles of dye having free access to all parts 
of space in the vicinity of an active centre associated with a cellulose 
molecule. It follows then that v denotes the volume covered by the 
potential i/fg that is accessible to the dye anions. 


. With regard to the above formula, the quantity e^ 

works out in practice to be extremely large, so that the effect 
unity is negligible ; the dye absorbed by a single centre therefore becomes 




p + I 


rpo/RT 


p e 
of subtracting 




Vq I 


p + 1 






It has already been mentioned that cellulose is to be looked upon 
as furnishing innumerable centres of attraction, and it has to be con- 
sidered whether the formula, derived for a single centre, can be applied 
directly to such a system. Two possible difficulties arise : — 

(i) Difficulty would arise if there were any overlapping of the fields 
of force due to the various active centres. If there is no such overlapping, 
then the calculation is straightforward : the absorption of a system of 
centres is simply 

w /ii±zr 

y p ^ qVoIRt 
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where V refers to the total of all the contributory volumes associated with 
the individual centres. For the time being it will be assumed that there 
is no interference between the various potential fields ; the above formula 
will therefore be accepted, and it will be shown, when actual numerical 
magnitudes are considered, that the assumption is probably justified. 

(ii) The next point that requires consideration is that since a limited 
amount of dye is now absorbed by a very lai'ge number of centres instead 
of by one, the number of particles absorbed on the average per centre 
may work out to be small. This means that the quantities «, p, o- 
which have been treated as continuous functions, may turn out to be 
discontinuous. But this is not a real difficulty, for the above variables, 
which have hitherto been treated as densiticvS, can be equally well under- 
stood in terms of the probabilities of locating a particular particle at 
any one spot, in which case the functions are again continuous, and the 
mathematical development is quite unaltered. 

Now the formula for the dye absorption, as a result of these con- 
siderations is simply 


yo 

y^RT 


4- I 
Po 


V 




Po 


(X5) 


the proper vahie for p being substituted. Examination of this formula 
shows that it accounts for the general way in which the dye absorption 
m varies with the temperature T, the dye concentration p,, and the electro- 
lyte concentration o-o. Consider first the variation with respect to 
the electrolyte concentration. 

yo 

At ctq = o, ni = VpQ^^^^ , 

yo 

at (To = CO, m = 


and at intermediate concentrations m takes intermediate values, increasing 
steadily with at all values. Now the exponential works out to 

be extremely large in practice (:£ 2 z lo^ for Chrysophenine at 8o° C.), so 
that there is an enormous ratio between and the huge part 

that the presence of excess of electrolyte plays in the absorption of dye 
can therefore be understood. It may be noted in passing that the theory 
indicates the existence of a certain amotmt of preferential absorption 
even in the complete absence of electrolyte, though in actual value it will 
be very small. This circumstance is of interest because it has often been 
asserted that absorption does not take place in the absence of electrolyte.®^ ’ 
Examination of the absorption formula shows that increase of the tem- 
perature T should under all circumstances produce a decrease of the 
absorption m, for 


W 


Fo ^/T4rz -h. + 

[p + 


which is negative for all values of the variables. In the same way it is 
found that for given values of o-q sind T, m increases continually with 
Po at a rate that steadily decreases as po increases. This is just as is found 
in practice. 


(d) Solution of the General Case. 

The general case, when the quantities a, 6, y, s, have not the particular 
values assigned to them in the foregoing discussion, but have any values 
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whatsoever, may now be discussed. The equation requiring solution is 


w'’^ + . . . (ii) 

This, as has already been stated, does not admit of ready solution in the 
general case, but because in practice the value of X is always extremely 
large a solution can be obtained by the method of successive approxima- 
tions. Actually a solution to any required degree of accuracy could be 
secured by this method, but the successive approximations are so rapidly 
convergent that for most practical purposes it is only necessary to con- 
sider the first approximations. 

The equation is written in the form 

I . ^ ^ . 

—W~° + -f- w^. 

p p 

In this equation each term is always positive, the term X is a large number 
of the order lo®, and p in practice varies from about i to lo^ so that Xjp 
is never less than about lo^ and falls to that value only in extreme cases. 
Consideration of the equation then shows that it cannot be satisfied unless 
is a very small quantity, and hence it is possible to develop a method 
of approximations by neglecting high powers of w in comparison with 
low powers. 

Three cases need separate study : — 

(i) h> a. 

Multiply throughout by in order to secure an equation in positive 
powers of w. Then 

I X 

I -I — -f- 

p p 

Now - zt;'’-® and are certainly small quantities that can be neglected 
in comparison with the other terms present. Hence 


P 


^r+b ^ 


(ii) b = a.. 

Multiply throughout by : 


=(i) 


^+6 


I X 

I -j = — ^s+b 

P P 


(i6) 


Here the term can be neglected, so that 

. . . . ( 17 ) 

(iii) h < a. 

This case is difhcult. Solution by the above perturbation method breaks 
down unless attention is confined to values of p that lie within a com- 
paratively narrow range. Fortunately the solution for this case is not 
required in practice, because dyes are usually prepared as the salts of 
monovalent elements [e.g. sodium) where a = i, so that the case b < a 
never arises. 

The solutions in cases (i) and (ii) above represent first approximations. 
Second and more accurate approximations could be secured by the usual 
perturbation methods, but the modifications usually introduced are so 
small that it is unnecessary to consider them here. It need only be 
mentioned that the solutions given will be sufficiently accurate provided 
that 

(i) p lies within certain limits (about i to lo^) ; 

(ii) the value of r is not too large. 

The heater the value of r, the lower is the upper limit of p that must 
be imposed in order that a given degree of precision may be ensured. 
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With Chrysophenine, where y ~ 2., the relative error in the dye absorption 
is only about i part in 500 at the most unfavourable point where p = io«. 
With dyes for which r is greater than 2 the first approximation may not 
be quite so good, and where r is rather large (say 5) it might be necessary 
to consider a second approximation if the absorption is to be studied 
for high values of p. But such cases would need to be considered indi- 
vidually, and there would still remain a wide range of values of p over 
which the above formulae would be applicable with a degree of accuracy 
sufficient for practical purposes. 

It should be noted in connection with these approximations that the 
formulae cannot, of course, be used to study the efiects of the presence of 
electrolytes at zero or infinite concentrations as was done for the exact 
solution studied previously. 

Thus, on the assumption that the potential ijs can be considered con- 
stant over a certain range, the formulae for the actual dye absorption can 
now be written 

r 

w = (b> a) . . . (18) 

r 

m=^Vp,x{t^y-^\b = a) . . . (19) 

For the larger values of p thCvSe can be summed up by the single formula 

r 

m = [b>a) . . . (20) 

Several useful deductions can be made from the theory presented 
above, but it is desirable to emphasise that in the course of its develop- 
ment it was necessary to introduce at a certain stage a simplifying 
assumption concerning the form of the potential function j/r. Conclusions 
that are drawn from any relation obtained subsequent to that stage must 
be treated with greater caution than conclusions that depend upon re- 
lations obtained before that stage, and the deductions made will therefore 
be discussed in relation to the assumptions made in deriving them. 

5. General Deductions from the Theory. 

It was found that the density of the dye distribution could be written as 

-v> 

(^o) 

w being determined by the relation 

-f pw-^ = Xw^ + pw^ p , . (ii) 

a statement that is independent of any assumption concerning tp. The 
dye preferentially absorbed was seen to be 

j'^(p — Po)d.w = po — i)dy . . . {13) 

Although little progress can be made from this point without the intro- 
duction of simplifying assumptions, several general deductions of some 
interest can nevertheless be made, 

(i) The Absorption Isotherms for Constant Salt -Dye Ratios. 

It is evident fr6m the equation defining w (equation ii above) that 
the solution for w will remain unaltered provided that p is kept fixed, 
Le. provided that the ratio ao/po is maintained constant. Now an increase 
in the concentrations of salt and dye in the same ratio will evidently 
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leave tJo/po unaltered, and so also w. 


The integral — i)d?; is 


therefore Icept constant, with the result that the dye absorption increases 
simply in proportion to the dye concentration. Thus the theory leads to 
the following conclusion : — 

The amount of dye preferentially absorbed by a portion of cellulose 
should be proportional to the concentration of dye in the external solution 
at equilibrium, provided that the salt concentration is at the same time 
varied so as to maintain a constant ratio between the salt and dye 
concentrations. 

This conclusion has been tested for Chrysophenine with the aid of 
the data given in Section III. The experimental isotherms there presented 
show the relations between the amount of dye absorbed by the cellulose 
and the concentration of the dye solution in which it is immersed, for a 
series of fixed concentrations of sodinm chloride. Absorption isotherms 



Fig. 8. — Absorption isotherms of Chrysophenine on viscose sheet at 97*5° C. 
for fixed salt /dye ratios. 

corresponding to constant salt-dye ratios were obtained from the experi- 
mental isotherms by interpolation. An arbitrary salt-dye ratio was 
first chosen, and for any experimental isotherm representing a fixed 
NaCl concentration the appropriate residual dyebath concentration 
was calculated. The value of the amount of dye absorbed at this cal- 
culated dyebath concentration was then read from the experimental 
isotherm. This procedure was repeated for each of the experimental 
isotherms in turn to give corresponding values of absorbed dye and 
residual dyebath concentration for a series of fixed salt-dye ratios. The 
isotherms so obtained are shown in Figs. 8-1 1. The points lie very well 
on straight lines passing through the origin, the discrepancies that do 
occur being associated with the larger values of the dye absorption, where 
it is possible that the derived relation breaks down. 

It is clear therefore that a simplification in the representation of dye 
absorption measurements is available for those data that conform to the 
rule. Normally the dye absorption (per unit mass) at any one tem- 
perature is regarded as a function of two parameters, the dye concentra- 
tion and the salt concentration ; hence for a complete description of the 
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dye absorption at any one temperature there is required a family of curves 
showing (say) the relation between the dye absorption and the dye con- 
centration in solution for various constant values of the salt concentration. 
But the result now obtained shows that this is no longer necessary, for 



Fig, 9. — Absorption isotherms of Chrysophenine on viscose sheet at 80° C, 
for fixed salt /dye ratios. 

the relation between the dye absorption and dye concentration at a 
constant value of the salt-dye ratio can be specified by a single quantity, 
namely the slope of the corresponding straight line. If this slope is 
plotted against the salt-dye ratio a single curve is obtained which pro- 
vides all the information about the absorption at one temperature. 



OYEBATH concentration (G. PER LITRES 
Fig. 10. — ^Absorption isotherms of Chrysophenine on viscose sheet at 60® C. 
for fixed salt /dye ratios. 

(ii) The Substantivity Ratio. 

This result can be expressed in another way. The dye absorption 
for any particular mass of cellulose is 

^ — i)dz; . . - . (13) 
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Since the integral has the dimensions of a volume, it may be written as 
where Vq is the volume of the (swollen) cellulose and ^ is a dimension- 
less quantity. If now m refers to the dye absorbed by i gm. (dry weight) 
of cellulose, then Vq will be the specific volume of the swollen cellulose. 
The number 

^ _ m 
Pd^Q 

appears to be a most useful quantity in the discussion of the theoretical 
results, and will be referred to as the Suhstantivity Ratio. It measures 
the ratio between the concentration of preferentially absorbed dye in the 
cellulose phase and the concentration of dye in the external liquid phase. 
The dyeing formula can now be written as 

r = — f ~ i)d.v, 

‘iJoK 



Fig. II. — Absorption isotherms of Chrysophenine on viscose sheet at 40° C. 
for fixed salt /dye ratios. 

Reference to equation (ii) defining w shows that, for a given ip, w will 
be a function of p alone, so that J will be a function of T and p, i.e. of 
T and the salt-dye ratio. 

It is possible to check the foregoing conclusion by plotting the experi- 
mental values of I against the salt-dye ratio. Sets of data from the various 
salt concentrations should now define one and the same curve. The 
relevant data for Chrysophenine are shown in Fig. 12 where, for con- 
venience, logarithms of the quantities are plotted together. For each 
temperature the points generate a single line, which in most cases is 
practically straight, a point to be discussed later. 

(iii) The Effect of Different Electrolytes. 

Without making any assumptions concerning the form of ip, pre- 
dictions can be made concerning the substantive effects of different 
electrolytes whose ions are similar in charge {h = s). For each of such 
electrolytes the equation for w has the same form, and the actual value 
of w depends only upon p, which for a given dye concentration is pro- 
portional to the molecular concentration of the electrolyte. Hence for 
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a series of electrolytes the substaiitivity ratio ^ should always have the 
same value for equal molar concentrations of the electrolytes. This has 
been tested for Chrysophenine at 6 o° C. Dyebaths were prepared of 
exactly the same volume and dye concentration and with equal molar 
concentrations of NaCl, NaBr, KCl and KBr. Equal amounts of cellulose 
were added to each bath, so that the amounts of dye absorbed should 
have been identical. The results obtained arc shown in Table VIII. 


TABLE VIII. — Adsorption of Ciirysophknine by Ceblitlosk at Ho® C,, in the. presence of various 

Ki.ECTROLYTEvS. 


Electrolyte, 

Concentration of electi'olyte 
g. per litre. 

Dye absorbed, g, per 

100 g. cellulose. 

Sodium chloride .... 

2-00 

0-123 

Sodium bromide .... 

3*53 

0-123 

Potassium chloride .... 

2*55 

0-133 

Potassium bromide .... 

4-0? 

0*133 

Sodium sulphate .... 

3*43 

0-119 


The agreement between the values obtained for the four salts is 
reasonably good, and is particularly good for the two sodium salts and 
the two potassium salts. 

In order to compare the effects of salts with cations of the same 
valency [b the same) and anions of different valency (5 different) it is 
necessary to use the approximate formula for p derived by the perturba- 
tion method t 

p = p,x{pixY+\ 

Since p = so^jvpi^, equal substantive effects would be expected from 
concentrations of electrotyte for which soq is the same. On this basis 
the concentration of Na2S04 required to produce the same effect as 2.00 g. 
per litre NaCl was calculated to be 2*43 g. per litre, and an experiment 
made at this concentration gave a dye absorption (Table VIII) of o-iiq g. 
per litre, in good agreement with the value 0*123 g. per litre obtained 
with NaCl. 

A comparison of the effects of electrolytes with different values of b 
cannot be so readily made ; it requires a knowledge of the value of X, 
and it has not been possible to determine anything more than the order 
of magnitude of this quantity. Difficulty is experienced in working 
with Chrysophenine in the presence of electrolytes for which h > t, be- 
cause ' ' salting-out ' ' is produced for such small concentrations of electro- 
lyte that it is impossible to produce any appreciable substantivity. One 
conclusion can, however, be drawn. Since (pjX) is a small quantity 

r 

(say 10"® to 10"*) it follows that {pjXY^^ will inci'ease considerably with 
Hence electrolytes for which b > 2 should produce distinctly larger sub- 
stantive effects than equivalent concentrations of electrolytes for which 
h 1. 

6. Special Deductions from the Theory. 

It is now desirable to consider deductions that can be made from 
expressions that are derived on the assumption that the potential function 
i/r has a constant value pQ over a limited distance from the active centre, 

(i) The Relation between the Substantivity Ratio and the Salt- 
Dye Ratio. 

A general expression for the dye absorption m at large values of p 
was obtained in the form 


m Vp^xipixy-^^ 


(20) 
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If m refers to the amount of dye absorbed by unit (dry) weight of cellulose, 
F will have a definite value which can be written as F = Fq/L, where 
Vq is the specific volume of the cellulose. The equation, in dimensionless 
form, then becomes 

^OpO L 

and this will be the equation of the curves relating the substantivity 
ratio J to the salt-dye ratio. The agreement between theory and ob- 
servation can, however, be tested more easily by putting this equation 
in another form. By taking logarithms the equation becomes : 

^ = -logL + ^^logp . . (21) 

Now X — an expression that depends on the temperature only. 

Hence at any one temperature the equation takes the form 

y 

log ^ ^ ^ log p -f- constant. 



Hence, if values of log J and log p are plotted together a linear relationship 
should result, and the slope of the line should be rl{r -f h). At different 
temperatures different lines should result, but all with the same slope 

The relevant data for Chrysophenine are plotted in Fig. 12 ; the 
quantities plotted are not identical with log I and log p as defined above, 
but differ from them by constant amounts, for the concentrations have 
not been converted to molecular concentrations. The linear relationship 
appears to be quite strikingly obeyed at the higher temperatures, though 
at the lower temperatures there are definite indications of curvature. 
The precision of the results has been examined for the data for 80® C. 
The deviation of the points from the best straight line that can be drawn 
through them is such as to correspond to an average relative error of about 
12 % in the quantity ^ This can hardly be considered large when it is 
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noted that the extreme limits in the values of p are in the ratio 40,000 : 1 , 
'whilst ^ itself varies from about 2-0 to 500. 

In the foregoing it has been assumed that the absorption is pro- 
portional to Jog p. For Chrysophenine it should more strictly be taken 
to be proportional to log (i p), so that values of log ^ and log (i + p) 
should generate a straight line. Little difference arises when p is large 
(the more general case), but for the lower values of p the points log (i -f- 
diverge from a straight line, as is shown in Fig. 13. It appears then that 
the experimental data for the absorption are proportional to the factor 

r f 

in practice rather than to the factor {p + + * predicted by the 

theory. 

The slopes of the straight lines are not all the same, as would be ex- 
pected, but vary with the temperature. With the exception of the line 
for 40° C., which is too curved to attach any slope to it at all, there appears 



Fig. 13. — Absorption of Chrysophenine by viscose sheet at 80° C, Electrolyte, 

sodium chloride, 

to be a progressive variation in the slope with temperature from 0*58 
at 20° C. down to 0*45 at 97*5° C. Theory gives as the slope of these lines 
'yj{v ^ ; for tLe system composed of Chrysophenine and NaCl r = 2 
and 5=1, giving a slope of cdy, a value rather bigger than those found 
in practice, but bf the same order of magnitude. 

In Fig. 14 this method of plotting has been applied to some of the 
data obtained by Neale and his collaborators ; two of the lines 

obtained are straight, the other two show some tendency to be convex 
towards the log substantivity axis. The slopes of the lines, r/(y 4- h), 
should be 0*67 for Benzopurpnrine 4B and Fast Red K, and o*8o for Sky 
Blue, FF ; the actual values observed (taken from the lines as a whole 
or from their straight line portions indicated on the Fig.) are 0*66 for 
Benzopurpurine 4B, 0-59 for Fast Red K at bpth 25° and 90° C., and 
0-70 for Sky Blue FF. Again, therefore, the observed value tends to be 
rather lower than the calculated, but the discrepancy is not large. 

It may be regarded as established, therefore, that the plot of log I 
against log ^ is a straight line with a slope of the order of yj[Y + 5) but it 
has been noted that where there is any deviation from the straight line 
it is to make the curve convex towards the log ^ axis. The deduction 
that this plot should be a straight line was made from an expression derived 
as a first approximation following the assumption of the particular value 
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— tfiQ for It is now of interest to consider the more accurate formula 
that results from the calculation of second order terms. It is readily 
found that the more accurate formula is 


p = pqXw^ = Po 




f s ' 4 ' ^ 


(Py+bc 

r ^ ('^ 


\x) 1 

r + b\}. 

1 ) / 



I nr SALT CONCENTRATION 
CONCENTRATION 


Fig. 14. — Absorp- 
tion of various dyes by 
viscose sheet. Elec- 
trolyte, sodium clilor- 
ide. 


For small values of p this agrees with the previous formula, but for larger 
values of p the true value of p is always less than that given by the first 
approximation, and the same will therefore apply to the total absorption 
of dye. If therefore log 5 is plotted against log p the approximate formula 
indicates a linear relationship at constant temperature, whereas the more 



Fig. 15. — Absorption of Chrysophenine by viscose sheet. Temperature 97*5° C. 
Electrolyte, sodium sulphate. Straight line represents that for sodium 

chloride. 
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accurate forms shows that for larger values of p the curve should show 
a slight convexity towards the log I axis. This result should be true for 
all dyes, and the curves for Chrysophenine and the other dyes given in 
Figs. 12 to 15, show, when they are not completely straight, a curvature 
in just this direction. 

Before leaving this question of the form of the log J — log plot 
it is of interest to show the result of making this plot for the data illus- 
trating the comparative elfects of NaCl and NaaS04. On Fig. 15 the 
individual points represent data obtained with NagSO^, while the straight 
line is that for NaCl at the same temperature. It is clear, therefore, that 
the two salts have identical effects when their concentrations ai*e adjusted 
to correspond to the requirements of the present theory. 

(ii) The Shape of the Absorption Isotherms at Constant Salt 
Concentration, 

For large values of p, the mass of dye absorbed per unit (dry) mass 
of cellulose is given by the general expression 

m^Vp^x{^ ^ . {20) 

Suhstituting for p, 

b r b 

For isotherms at constant salt and varying dye concentration this takes 
the form 

h 

m — constant 

which is of the same form as the empirical relation 

dye absorbed == constant x (dye concentration) ^ 

used by many workers and shown in Section III to be applicable to the 
data for Chrysophenine here presented. The theoretical equation to the 
isotherm as derived above is only valid for large values of p, otherwise 
equation (20) must be replaced by the expression 

m = VpaX(p- ~ y'''‘’ .... ( 19 ) 

which on substituting for p does not lead to a simple relationship between 
m and po. The plot of log m against log po as shown in Figs. 4 and 5 
gives a set of reasonably straight lines although there is sometimes an 
indication of curvature. It is noteworthy that when the NaCl concentration 
is 0-2 g. per litre and consequently p is small, the logarithmic relationship 
is still valid (Fig. 5) although the above theory is no longer applicable. 
This discrepancy between the experimental data and the theory is similar 
to that previously found for the plot of log ? against log p. 

The value of n from the theory is h -|- 6) which for the system con- 
sidered here is 0*33 and, for the general case when 6=1 and r has any 
value, o < ^ < ^. Actually the experimental values of n, though limited 
in range, vary with the NaCl concentration, and are considerably higher 
than 0*33, only approaching this value when p is small ; the expression 
for n cannot therefore be regarded as accurate. The values of the slopes 
of the log-log lines shown in Figs. 4 and 5 are given in Table IX. 
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TABLE IX.— Values of n for the Experimental Isotherms. 


Isotherms at 97*5° C. 

Salt Concentration (gm. per litre) .40 30 10 4 2 i 0*5 

n ... 0-76 0*71 0*63 0'6i 0*60 0*57 0*57 

Isotherms at salt concentration of 0*2 g. per litre. 

Temperature, “C. . . . .20 40 60 80 97*5 

n .... 0*40 0*43 0*47 0*56 0*56 


0*2 

0*56 


(iii) The Shape of the Absorption Isotherms at Constant Dye 
Concentration. 

If the dye concentration is maintained constant and the salt con- 
centration varied the general equation 

r 

m=Vp,x(^^y^’’ {p>i) 

becomes 

r 

m = constant x 

so that the plot of log (dye absorbed) against log (salt concentration) 
should be a straight line of slope r/(r -j- &). 

The data provided in this paper are not suitable for a test of this 
relation, but it can be tested by the data of Neale and his collaborators. 
Fig. 16 illustrates the application of this method of plotting to the data 



Fig. 16. — Absorption of Benzopurpurine 4B and Fast Red K on viscose 

sheet. 

of Neale ^ for the absorption by Cellophane sheet of Fast Red K at 
25° and 90 a-iKi of Benzopurpurine 4B at 101° C. from solutions of dye 
concentration 0*05 g. per litre. The graphs are reasonably good straight 
lines, except at the lowest salt concentrations with Fast Red K, where 
the corresponding values of p are 180 and 90 for the 25° and 90° C. plots 
respectively. The de\dations cannot therefore be attributed to the value 

19 
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of p being insufficiently large to justify the application of the theory. 
Moreover Benzopurpurine 4B gives a linear plot although the lowest 
value of p is 38. The slopes 0*57, 0*57 and 0-67 are not too divergent from 
the value of fl[r + which is 0-67 for both dyes. Fig. 17 is a similar plot 
of Neale's data ® for the absorption of Sky Blue FF by cotton and mercer- 
ised cotton. The line for mercerised cotton is straight, with a slope of 
0-63 compared with o-So for rj(r -f b) but the line for cotton is distinctly 



Fig. 17. — Absorption of Sky Blue FF on cotton and mercerised cotton 

at 90° C. 


curved throughout. Even greater curvature is shown by the lineafor the 
absorption of Sky Blue FF by cuprammonium rayon at 90° C. and by 
Cellophane at 90° and loi® C. This deviation from the straight line re- 
lationship at low salt concentrations is associated with a sigmoid shape of 
the isotherms themselves in the same region, which is attributed by Neale 
to the presence of ionised carboxyl groups in the viscose. 

7. The Temperature Effect. 

(i) The Variation of Substantivity with Temperature. 

The formula derived previously 

^ - log L + logX . . (21) 

indicates, for a fixed value of p, a simple temperature variation for 
for since X = 

^ constant . . . (22) 

Hence, if values of log S are plotted against i jT for a fixed value of p, 
a straight line should result. The data presented in this paper provide 
no evidence that such a relationship is valid. 



WILLIS, WARWICKER, STANDING AND URQUHART 537 


This cannot, however, be regarded as an argument against the general 
principles behind the theory, for it is not difficult to explain why the formula 
breaks' down in this connection, whilst giving indications of being applic- 
able in other directions. The simple relationship between ^ and T de- 
duced above is a consequence of the specially simple form for 0 chosen, 
and any other form would be unlikely to give this same result. Consider 
a diiferent form for tp defined by 

— £i<d<ai r where d is the radial dis- 

^ < d K CI 2 tance from the centre 

0 = 0 < d L of attraction. 

Solution is possible here just as before, the result being 




r + b 


ir/ 


A. 

+ b RT 


b V>2 

^ I er + 6«n 

f-2 / 


where and are constants, This solution is sufficiently accurate pro- 
vided that both the exponentials are large. Now this formula does not 
indicate any particularly simple relationship between ^ and T, so it must 
be concluded that in the general case when 0 has any form whatsoever no 
simple relationship can be looked for between ^ and T. 

It will be remembered that the linear relation between log ^ and log p 
was deduced on the basis of the simple assumption, and in view of the 
non-applicability of the temperature relation deduced bn this assumption 
it is of interest to enquire to what extent the former result is dependent 
upon the form of 0. It is evident from the result obtained above that 
log is still linearly connected with log p for the rather more complicated 
function there considered, and hence it is important to enquire whether 
this result is completely general and independent of the form of 0 chosen. 

Consider now the formula for the density of dye 

P — poXw^, 

On the assumption that p this can be expressed in the form 

b f 

~ po + * + 

It niay be assumed for the moment that this formula is applicable at all 
points of space, giving for the dye absorbed in a particular portion of 
space, 

K b y r \ r ^ 6 y 

e^+6 ‘ RT pr + bj^y ^ + + ‘ RT 

so that the dye absorption is proportional to p^^^^ at a fixed temperature 
T . But actually the formula for p will not be valid at all points over which 
the integration is carried out. It will, however, be least accurate in those 

b ip 

regions where p is small, so that if the function + * decreases 
sufficiently rapidly to zero the contribution to the integral from regions 
^ where p is small will itself be small, and the error introduced by using the 
approximate formula for p will also be small. Hence the result of carrying 
out the integration with the approximate formula for p may be regarded 
as giving a first approximation to the correct answer for quite a wide range 
of possible forms of the function 0, so that the relation 


I = constant 
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may be regarded as being to a large extent independent of the field of 
force operating. 

This conclusion has been tested for the field of force created by the 
potential function 

0 - - P + 0^^ 

a special case chosen because it admits of exact solution from beginning 
to end, when a ^ b ^ i, and r ^ s ^ 2.. Agreement between the exact 
formula so secured and the one obtained by the approximate method is 
in fact found to hold over a limited r^mge of values of p, though this 
range is not nearly so large as when the function \js has the form — 

(ii) The Energy of Dyeing, 

It has been shown above that the extent to which the dye absorption 
varies with temperature is not consistent with the assumption 0 = — 
Nevertheless, for the sake of determining the order of magnitude of the 
effective value of in practice it >seems legitimate to make the as- 

sumption 0 = — ^0 to apply the resulting formula to a narrow range 
of temperatures. For a constant value of p 

+ constant . . . (22) 

Uiferentiating with respect to T, 

I ^ _ JL, h i 

C ‘ <3T r + b RT ‘ T 

From actual data for Chrysophenine for a temperature of 8o° C. {T = 353), 
and p ~ iT with b — 1, and r == 2, 

t^o/RT = 19 - 5 . 

The corresponding value of -Y = order 3.10.® If, however, 

the value of h/{y + corresponding to the experimental value of rl(r + b) 
is used, the value of X is found to be about 6.10.® Whichever value is 
accepted the assumption made in the course of the development of the 
theory that X can be treated as a large quantity is justified. 

The existence of a potential ■— ot negative value implies that the 
process of dyeing is an exothermic one. For each gram-molecule of dye 
absorbed a quantity of energy equal to 0o "will be released, and this will 
be dissipated in the form of heat. From the figure just obtained for 
Chrysophenine at 80° C. 

^o/Pr = X9-5 

^0 = 19*5 X 353 X R 
and taking jR = 2 cal. the result is 

^0 — 14,000 calories. 

The liberation of this heat should produce a rise in the temperature 
of the dyehath, but calculation shows that the rise to be anticipated under 
favourable conditions is very^small (o-oi to o-i° C.). But a serious diffi- 
culty in the way of detecting this rise in practice is that the dyeing process " 
does not take place instantaneously, so that the liberation of heat will 
be spread over an awkwardly long interval of time. 

From the formula 

^ == ^ - log Z. + logp . - (21) 
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and with the following values deduced from the experimental curves 


logio^ = 8*5 
b ^ X 
r ^b~ 3 


logio C = o-5| 

log = o J 


for T = 353° K. 


login L is found to be 2*3, 
so that ' L is approximately 200. 


The conclusion may therefore be drawn that the volume of the pellulose 
phase that is effectively under the influence of the various active centres is 
something like i /200th of the total volume. This might appear to justify 
the earlier assumption that there is no mutual interaction between the 
fields of force of the various Centres of activity, for if these centres are 
distributed randomly throughout the cellulose phase the amount of 
overlapping of the volumes associated with them will be negligible. 
Actually, however, it is fairly certain that the distribution of the centres 
of activity is far from random ; this will be referred to again in the following 
section. 


(iii) The Heat of Dyeing. 

In the previous section the theory has been used to calculate the heat 
change accompanying the absorption of one mole of dye, and it was found 
that such absorption should correspond to the liberation of about 14 K.cal. 
It is of interest to compare this value with that obtained directly from 
the experimental data by the use of the equation 



_g_ _ i') 

4-58 Ir, tJ 


where and are the concentrations in solution corresponding to the 
same amount of dye adsorbed at the temperatures Ti and T^, and Q is 
the heat of dyeing. 

This equation is, however, not readily applicable to the data, which 
include dye absorbed with the entrained liquor as well as that adsorbed 
on the active centres. Where the substantivity is high, i.e. at high salt 
concentrations, practically all the dye is adsorbed, and the result obtained 
would be accurate, but unfortunately at high salt concentrations a plot 
of log Co against i jT does not yield a straight line, so that the above formula 
is inapplicable. At lower salt concentrations straight lines are obtained, 
but because the adsorbed dye forms a smaller proportion of the total the 
results will be less accurate. In spite of this the data for sodium chloride 
concentrations up to 4 g. per litre have been used, giving values of Q 
ranging from 9*3 to 15-9 K.cal., with probably greater weight to be attached 
to the higher values within this range. It is hoped later to obtain more 
accurate values by correcting for the absorbed dye, but meantime it may 
be noted that the range of values now obtained includes that derived in 
the previous section. 

It is natural to enquire to what extent the magnitude of the heat of 
dyeing throws any light on the mechanism of the binding between dye 
and cellulose. Since esterification of cellulose inhibits its power of ad- 
sorbing direct dyes it may be assumed that, the latter attach themselves 
to the hydroxyl groups. Examination of the. constitutional formula: of 
Chrysophenine shows that, apart from the ionic SO 3-groups, about whose 
further combining power nothing is known, the combination is most likely 
to occur by the attachment of the etheric oxygen atoms of the dye to the 
hydroxyl groups of the cellulose, most probably by means of a hydrogen 
bond. The amount of energy released on the absorption of a ihole of 
Chrysophenine — about 14 K.cal. — ^is much too large to be accounted for 
by the formation of a single hydrogen bond, but when atomic models of 
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cellulose and Chrysophenine are set up and one of the etheric oxygen 
atoms of the Chrysophenine model is laid alongside one of the hydroxyl 
groups of the cellulose model, then when the axes of the two models are 
parallel the other etheric oxygen is found to lie alongside another hydroxyl 
group. This suggests that two hydrogen bonds are formed per mole of 
Chrysophenine, and hence the energy released in the formation of one 
bond would be about 7 K.cal., which is a much more reasonable value for 
hydrogen bond formation. 

In the previous section by the application of the theory to the experi- 
mental data it was deduced that the volume of the cellulose phase that is 
effectively under the influence of the various active centres is only about 
I /200th of the total volume. This cannot, however, be used to justify the 
assumption that there is no mutual interaction between the fields of force 
of the various centres, because according to modern views of the structure 
of cellulose there will be portions of the total volume — the ordered regions 
—that contain no active centres, the hydroxyl groups in these regions 
being mutually satisfied. On the other hand the use of the atomic models 
referred td above has shown quite plainly that once a dye molecule has 
been adsorbed to a hydroxyl group all the hydroxyl groups in the im- 
mediate neighbourhood are masked by the rest of the dye molecule, so 
that though there may be some interaction of centres there cannot be 
more than one dye molecule adsorbed to any such group of centres, and 
hence the general theory still applies in its essentials. 

8. The Influence of Ionic Aggregation. 

It is known that dyes of high affinity for cellulose generally show a 
pronounced tendency to form ionic aggregates, but whether the sub- 
stantiyity is in any way ascribable to the existence of such aggregates, 
or whether the two phenomena are to be regarded as due to a common 
cause, is hardly a settled question at present. In the theory advanced 
in this paper ionic aggregation has not been considered, nor is there 
sufficient known about the laws governing such aggregation to permit 
of quantitative deduction of its effects ; qualitatively, the problem may 
be considered from two points of view. 

It was shown earlier how an equilibrium distribution of dye results 
from the balancing of the opposing influences of field attraction and 
kinetic agitation. If n dye anions are grouped together sufficiently tightly 
to be treated as a single ionic micelle, then according to the theory of 
equipartition the average kinetic energy of translation of such a micelle 
will be exactly the same as that of a single dye anion, so that the large 
, ^^ggregate, in spite of its greater mass, offers no greater resistance to 
absorption, and no larger tendency to desorption, than a single anion. 
With regard to the binding between cellulose and dye there are two 
possible views.' 

If the attraction is due to general fields of force an aggregate of n 
anions should be attracted with a force n times as large as a single anion, 
and since this increased attraction is not offset by a similar increase of 
kinetic energy the result is an increase in the absorption of dye particles 
by the .centres of attraction. In these circumstances the substantivity 
of a dye would depend on two factors — ^the existence of a potential 
and the tendency of the dye to form aggregates. For a series of dyes 
for which the values of ift were similar, those dyes with the most pronounced 
tendency to form aggregates would show the strongest affinity to cellulose. 

On the other hand this view may appear rather artificial ; the treat- 
ment being based on energetics, aggregation of the dye anion is regarded 
as something to be accepted and allowed for, rather than something to 
be explained. If any explanation is sought, the most probable one would 
be that aggregation occurs through the medium of the residual valency 
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forces resident in certain groups in the dye anion, probably the same 
valency forces that are responsible for the attraction to cellulose. From 
this point of view aggregation in solution would be ascribed to the satis- 
faction of these residual valencies by other anions of the dye, and hence 
the attraction between the aggregate and cellulose would be much less 
than n times that of a single anion — ^it might, in fact, be no greater than 
that of single anion. There would, however, probably be an equilibrium 
between aggregated and single anions and dyeing might proceed through 
the medium of the latter. In these circumstances high substantivity 
would accompany aggregation rather than be a consequence of it, both 
being due to the existence of large residual valency forces. 

In the foregoing account the question of the penetration of cellulose by 
large aggregates has not been considered, though it may exert an ap- 
preciable influence on the dyeing process. Even neglecting it, however, 
it is clear that there are serious difficulties in the way of putting any of 
these ideas on a quantitative basis. An aggregate of % dye anions cannot 
at one temperature be treated as a permanent structure with a constant 
internal energy, like an individual dye anion. The degree of aggregation 
will vary with the concentrations of dye and electrolyte, so that the 
energy of formation of such aggregates will have to be taken into con- 
sideration, but unfortunately no information is available about this 
quantity. 

The theory put forward in this paper has been found to be fairly well 
applicable to Chrysophenine, which is not appreciably aggregated in 
solution. 2 Its applicability to a dye that is considerably aggregated in 
solution is at present being tested, and it is possible that the extent to 
which it is found applicable or inapplicable may indicate the directions 
in which modification is required. In the meantime it may be noted that 
the existence of ionic micelles must cause- appreciable deviations from 
the laws of ideal electrolytes, and hence that the approximation, permissible 
with Chrysophenine, of using concentrations instead of activities, will 
probably prove inadmissible for a highly aggregated dye. 

British Cotton Industry Research Association, 

Shirley Institute, Didsbury, Manchester. 
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1. Introduction and Summary. 

It is well known that most direct dyes are colloidal electrolytes, their 
aqueous solutions containing anionic micelles whose size is generally , 
increased by the addition of inorganic electrolytes. In any study of the 
mechanism of the dyeing process a knowledge of the mean particle size 
of these micelles is therefore of some importance, and this question has 
been investigated by several workers. The measurement of the aqueous 
diffusion coefhcient of a dye is at present probably the most fruitful method 
of determining the radius of such micelles in solution, and is moreover 
of direct interest in relation to the rate of diffusion of the dye in cellulose. 

The whole question of diffusion in solution, with particular reference 
to the estimation of particle size, is discussed elsewhere ^ in some detail, 
and it may here be mentioned that Hartley and Robinson 2 have shown 
the importance of the influence of electrical forces on the diffusion of dyes 
and other colloidal electrolytes. On account of the electrical forces, 
data on the diffusion (into water) of commercial dyes containing unknown 
amounts of other electrolytes can yield no information about the radius 
of the ionic micelles. Measurements of the diffusion of pure dyes in water 
are of interest and have a significance to be discussed later ; but when 
a dye difiuses in the presence of a uniform and sufficiently high con- 
centration of another electrolyte the observed diffusion coefficient of the 
ionic micelle is directly proportional to its absolute mobility. Here the 
Stokes-Einstein equation may be applied ^ to give the radius of the 
diffusing micelle. Hartley and Robinson freed their dyes from other 
electrolytes by the method of Robinson and Mills ® and recorded the 
first trustworthy diffusion results on dyes. Fuller data on the diffusion 
of pure dyes in water and in known uniform concentrations of other electro- 
lytes are given, and particle sizes are calculated, in subsequent papers 
by Robinson,^. ® by Valk6,«. ’ and by Lenher and Smith.® The dyes 
studied include Chlorazol Fast Red K, Congo Red, Bordeaux Extra, 
Benzopurpurine 4B, meta ’'-Benzopurpurine, and Chlorazol Sky Blue 
FF. Little is known at present about whether the micelles are of uniform 
size in solution or are multidisperse in dynamic equilibrium ; if the 
latter, then of course the calculated values of the micellar size will be mean 
values representing particles intermediate between the smallest and the 
largest present in the solution. 

The object of the work described in the present paper was to investigate 
the aqueous diffusion of two dyes, 


Chrysophenine G (Colour Index 365). 

NaOnS 



ISTaOsS 

Molecular weight of dye anion, 634. 

54a 
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and Direct Fast Orange SE (Colour Index 326 ; and Schedler 

H H 



-SOsNa 

-N.::=N' 


HO 


'V 


> 


Molecular weight of dye anion, 710. 

The dyes were purified by the method of Robinson and Mills ^ as pre- 
viously described for Chrysophenine in Part II of this series. No record 
has been found in the literature of previous work on the aqueous diffusion 
of these dyes, but Whittaker and Wilcock give their ‘ ‘ times of half- 
dyeing as 0*26 minute for Chrysophenine and 40*8 minutes for Direct 
Bast Orange SE ; with respect to their rate of dyeing on viscose rayon 
they therefore exhibit markedly contrasting behaviour. ^ 

The diffusion coeificients of these dyes were determined at various 
temperatures and electrolyte concentrations, and were used to find the 
degree of aggregation of the dye anions. The results obtained indicate 
that in the presence of excess electrolyte Chrysophenine is only slightly 
aggregated, whilst Direct Fast Orange is appreciably aggregated. It i.s 
also shown that equivalent concentrations of different electrolytes with 
univalent cations have approximately the same effect on the diffusion, 
but that a salt with a bivalent cation has a more pronounced effect. The 
“ mobilities of the dye anions calculated from the diffusion coefficients 
obtained in the presence of another electrolyte are always greater than 
those obtained from conductivity measurements made on solutions of 
the pure dye. This discrepancy may be due to the inclusion of sodium 
ions in the anionic micelle, to an increased degree of aggregation in the 
presence of the electrolyte, or to both these causes. At least for Direct 
Fast Orange SE at 25° C. it would appear that the effect is due mainly 
to increased aggregation. 


2. Experimental Methods. 

(a) The Diffusion Experiment. 

' The principle of all methods of determining the diffusion coefficient 
of a dissolved substance is that two uniform solutions of different known 
concentrations are brought into contact, usually with a plane horizontal 
interface, in a cell of known dimensions, diffusion is allowed to occur, 
and the resulting changes in concentration are observed at noted times. 
The porous plate method devised by Northrop and Anson was usecl 
in this investigation ; it has the characteristic feature that the two 
solutions are separated by a horizontal disc of sintered glass (the porous 
plate), which allows diffusion but prevents convection between the 
solutions. In each separate solution, however, convection occurs freely, 
and since the denser solution is uppermost gravitation is normally con- 
sidered to promote mixing adequate to keep each solution homogeneous 
during the loss or gain of solute by diffusion. A concentration gradient 
therefore exists only in the liquid within the porous plate, and this 
simplifies the mathematical theory of the method. Conditions in the 
diffusing system approximate to a steady state, which greatly assists 
the interpretation of the results.^® 

The porous plate method has the additional virtues of experimental 
simplicity and great adaptability, being suitable over a wide range of 
diffusion coefficients ; it is, moreover, the only convenient method for use 
at elevated temperatures.’^ Other advantages of some importance for 
work on dye solutions are : — 

19 * 



544 


THE AQUEOUS DIFFUSION OF DIRECT DYES 

(i) The rate of diffusion of the dye anion in the presence of a uniform 
high concentration of a foreign electrolyte can be measured. In the 
wdhknown method of Fiirthi® such observations are sometimes vitiated 
by streaming.*^. » 

(ii) The concentrations of the dye solutions can be determined at leisure, 
after the diffusion experiment has been completed. 

The apparatus used is illustrated in Figs, i and 2. The plate A (Fig. i) 
is made of sintered glass, and the tortuous channels through its thickness 
are generally of diameter between 5 and 15/x, which manifoldly exceeds 
that of a dye micelle. The plate is about 3 cm. in diameter and about 
0*2 cm. thick, and is fused into the end of a resistance-glass tube B, whose 
other end is sealed to a narrow tube C closed by a tap D, forming a cell 
of volume about 25 c.c. This cell normally contains the dye solution under 
investigation, and is held, by means of a tinfoil-covered rubber stopper, 
in an outer glass tube E so that the plate dips just 
below the surface of about 20 c.c. of solvent. 

At the beginning of an experiment tlris assembly 
is immersed to the level F in a thermostat ; thermal 
expansion forces some dye solution through the plate, 
and soon after thermal equilibrium is attained a con- 
tinuous and almost steady distribution of concentra- 
tion is established through the thickness of the plate. 
At this stage the cell is transferred to another similar 
tube that has been in the thermostat for some time, 
so that the plate is brought into contact with a fresh 
portion of solvent already at the experimental tem- 
per at ui'e. Transfer of dye through the plate now 
occurs by diffusion alone, and after a noted period 
of about 16 hours the solution below the plate is 
diluted to a suitable known volume and estimated 
spectrophotometrically in order to find how much 
dye has diffused. From these data and the con- 
FiG. I. stants of the apparatus the diffusion coefficient of 

the dye anion is calculated. 

Owing to lack of knowledge of the effective dimensions of the porous 
plate the method is essentially one of comparison, not absolute determina- 
tion, of diffusion coefficients ; each plate is therefore calibrated by means 
of an experiment with a solute of known diffusion coefficient, yieldfing a 
calibration constant which embodies the unknown effective dimensions 
of the plate. Aqueous solutions of potassium chloride are probably the 
most reliable standards for calibration ; the mean diffusion coefficient of 
potassium chloride over the concentration range from N./2 to zero at 25^^ C. 
was taken, by interpolation from the data of Clack/^ to be 17*7 x lo'"® 
cm. 2 per sec., and calibration expeiirnents were made under these condi- 
tions. With potassium chloride the experimental results were reproducible 
to about I % ; with dye solutions the accuracy was variable but always 
lower. For the three diffusion cells used in the earlier part of this work, 
the calibration constants (in cm.~^) were : — 

Cell I . 0*190; Celia . 0*0702; Cell 3 , o*o666. 

The simple form of apparatus described above was used in much of 
the work at 25° and 40° C., but at 60° C. appreciable amounts of water 
evaporated from the external solution and condensed on the cooler upper 
parts of the vessel. (For convenience, the solutions above and below the 
plate are referred to as the internal and external solutions, respectively.) 
The resulting increase in the concentration of the dilute external solution 
does not, however, appreciably alter the concentration gradient of the 
dye, and hence does not affect its rate of diffusion ; moreover, the evapora- 
tion does, not affect the accuracy of the determination of the amount of 
dye diffusing in a given time, because the external solution is diluted to 
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a known, volume before its concentration is determined. The evaporation 
has therefore no appreciable effect on the accuracy of a determination of 
the diffusion coefficient of a dye made in the absence of foreign electro >- 
lytei If, however, such an electrolyte is present at an initially uniform 
concentration, the evaporation of water from the external solution alone 
creates a concentration gradient of the additional electrolyte which causes 
it to diffuse in the opposite direction to the dye, and it will be shown, 
later that this may cause an appreciable alteration of the diffusion co- 
efficient of the dye itself. 

In order to minimise the evaporation that occurs at high temperatures 
the apparatus was rebuilt (Fig. 2) as a modification of that of Valk6 ; ® 
a glass lid was fused to the cell and fitted by a ground-glass joint to the 
vessel containing about 45 c.c. of external solution. This closed apparatus 
could be submerged in the thermostat up to the tap, so improving the 
temperature control and preventing the condensation of water vapour 
in the upper parts of the vessel. The lid was also provided with a vertical 
outlet tube with glass stopper, enabling portions of the external solution 
to be withdrawn for estimation without stopping the experiment. After 
replacement of such a portion by an equal volume of solvent, diffusion 
was observed for another period, and in this way sevei'al determinations 
of the diffusion coefficient could be obtained from each experiment without 
any serious disturbance of the diffusing system. 

For the attainment of thermal equilibrium and almost steady diriusion 
in this improved apparatus at least three hours were allowed to elapse 
between immersion in the thermostat and the beginning of the first period 
of diffusion. Each experiment then comprised three or four consecutive 
diffusion periods, usually of about 24 hours each. The essential require- 
ment governing the duration of a diffusion period is that the increase in 
the external concentration should be sufficient for accurate estimation. 
Thus where the rate of dihusion proved low (at the lowest dye concen- 
trations investigated) a diffusion period extended over several days. With 
high rates of diffusion, alternate 6-hour and 18-hour periods were con- 
venient. 

The relative change in the internal dye concentration during a diffusion 
period is not the same for experiments with different apparatus and dif- 
fusion coefficients, A typical example, however, is that in a cell of calibra- 
tion constant 0-07 cm.-^ containing a dye of dihusion coefficient 7 x io"“ 
cm. 2 per sec., the internal concentration decreases by about 5 % during 
a 24-hour diffusion period when the external concentration is initially 
zero. If the external volume is about twice the internal volume, the 
external concentration increases correspondingly by about one-fortieth 
of the initial internal concentration. 

It was observed in the series of experiments conducted at 90" C., 
but not in those at 60° C. and lower temperatures, that the calibration 
constants of both diffusion cells used often showed an increase of about 
4 % after an experiment lasting several days. Subsequent experiments 
at 90° C. caused a further increase. The practice was therefore adopted 
of recalibrating each diffusion cell after every experiment at 90° C., and 
the calibration value corresponding to an experiment at 90° C. is taken 
as the value found immediately afterwards by recalibration at 25*^ C. 
As a result of six experiments at 90° C. the calibration constants of two 
diffusion cells increased through the following ranges of value.s (in cm.-^) : — 

Cell 2 (in rebuilt form) . . . 0-0732-0*0882 

Cell 3 (in rebuilt form) . . . 0-0702-0*0941 

The cause of this increase in the calibration constant (which is proport iuuai 
to the ratio of the effective free cross-sectional area to the effective tliieJc- 
ness of the porous plate) is not known with certainty, but is evidently 
connected with the use of elevated temperatures. 



546 THE AQUEOUS DIFFUSION OF DIRECT DYES 


(b) The Materials Used. 

The two dyes used in this work were obtained in batch form from 
their makers, and were purified, by the method described by Robinson 
and Mills .3 The application of this method to Chrysophenine has already 
been described/^ and the method used for Direct Fast Orange SE was 
identical except that, for reasons given helow'', the temperature was not 
allowed to rise above 60^^ C. at any stage of the purification. The varioUvS 
tests for purity enumerated in a previous paper la indicated the absence 
of any other coloured material from the purified samples of the two dyes 
used in this work. 

In working with Direct Fast Orange SE it soon became evident that 
the dye changes colour at high temperatures. The absorption spectrum 

of a solution of this dye (of 
concentration 0-005 g- per 
litre) containing no other 
electrolyte was measured 
before and after heating at 
85° C. for four clays. The 
spectra are shown in Fig, 3, 
from which it is evident 
that the heat -treatment has 
caused a shift of the absorp- 
tion maximum towards lower 
wavelengths ; after this treat- 
ment the dye was found to 
have only a slight sub.stan- 
tivity for cellulose. A similar 
change in colour is also evi- 
dent after heating for a short 
time at temperatures above 
60° C., but here the change 
appears to be reversible, 
and no permanent effect ^ 
has been noticed after pro- 
longed heating at 60*^ C. 
Because of the instability 
of this sample of Direct 
Fast Orange SE no work has 
been done with it at tem- 
peratures above 60° C. 

The other electrolytes 
Fig. 3.— Effect of heat on Direct Fast Orange used were o f “ A.R.” 

SE (C.A.C. sample). quality. 



(c) Estimation of the Bye Solutions. 

The concentrations of all the dye solutions were determined by means 
of a photoelectric spectrophotometer ; a detailed description of the 
method used for solutions of Chrysophenine has already been given. ^2 

Aqueous solutions of Direct Fast Orange SE when free from inorganic 
electrolytes have an absorption spectrum similar to that shown by 
Curve A of Fig. 4. For such solutions Beer's Law is valid at most wave- 
• lengths near the peak of the absorption spectrum for a range of concen- 
trations up to 10 mg. per litre. The estimation of such solutions is there- 
fore straightforward— the solutions to be estimated are diluted to a con- 
centration in the neighbourhood of 5 mg. per litre and the optical density 
of the diluted solution contained in a parallel-sided glass cell of thickness 
I cm. is measured by means of the photoelectric spectrophotometer pre- 
viously referred to. Standard solutions of concentration 2-5, 5 and 10 
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mg. per litre are examined at the same wavelength, and the concentrations 
of the unknown solutions are calculated by interpolation. 

It is, however, frequently necessary to estimate dye solutions c<m- 
taining known concentrations of an inorganic electrolyte^ and the choice 
of the wavelength at which the optical densities are measured ivS then 
critical, for the absorption spectrum of an aqueous solution of the pure 
dye is different from that of the dye in the presence of inorganic electrolytes. 
The absorption spectra, shown in Fig. 4, of a solution of Direct Fast Orange 
SE, of concentration 5 mg. per litre, in the presence of different concentra- 
tions of sodium carbonate are characteristic. The effect of the sodium 
carbonate is to raise the 
peak of the spectrum, so 
that at most wavelengths g 
the optical density of the - 
solution depends on the ^ ^ 
concentration of sodium ^ 
carbonate as well as on g 
that of the dye. The x 
three spectra, however, ^ 
pass through a common o 
point at a wavelength 
of 527mjLt, and hence at J 
this wavelength the op- ^ 
tical density of the solu- - 
tion is directly proper- ^ 
tional to the concentra- g 
tion of the dye present, y 
and is independent of 
the concentration of < 
sodium., carbonate. At p 
this wavelength the esti- o 
mation is therefore again 
straightforward, and is 
identical with that for 
dye solutions containing Fig. 4. — ^Absorption spectra of Direct Fast Orange, 
no additional electrolyte. A — $ mg. /litre dye ; No NaaCOg 

The phenomena described B — 5 mg. /litre dye ; 0*0453 g. /litre NagCOg 

above were observed with C — 5 mg. /litre dye. ; 0*906 g. /litre „ 

all the electrolytes ex- 
amined, but the appropriate wavelength for making the measurement 
varies slightly with the electrolyte present, being 528 for sodium 
sulphate and 530 for sodium chloride. 



(d) Calculation of the Diffusion Coefficient from the Experimental 
Observations. ' 

When the simple technique was used the diffusion coefficient was 
calculated from the experimental observations by means of the logarithmic 
expression of Mehl and Schmidt, which is equivalent to that derived 
by Northrop and Anson in their paper introducing the method ; it is 




*— (A i)c' 


where D is the diffusion coefficient, a is the calibration constant of the 


difiusion cell. A is the ratio of external solution 

volume of internal solution ’ 


T is the duration 


of the observed diffusion, c" is the dye concentration in the internal solu- 
tion at the start of the observed diffusion (when the external concentra- 
tion is zero), and c' is the external dye concentration after a length of 
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time T. This expression takes acconnt of the gradual decrease in the 
concentration difference across the plate during the period of diffusion. 

When the second form of apparatus was used, with the procedure of 
removing portions of the external solution and replacing them with solvent, 
allowance was made as follows for the resulting small abrupt increases in 
the concentration difference across the plate : — 

Let L be the effective thickness of the porous plate, and A its effective 
free cross-sectional area for diffusion. On assembly of the apparatus, 
let the dye concentration in the internal solution he denoted by o, while 
that in the external solution is o. At this stage the apparatus is placed 
in the thermostat to attain the experimental temperatiire and to allow 
the establishment of steady conditions. Let steady conditions obtain 
at time Iq, and let a fraction of the dye in the external solution be with- 
drawn at (The decrease of volume is made good by the addition of an 
equal volume of solvent. From the point of view of the calculation it is 
immaterial whether the portion of solution is withdrawn before or after 
the addition of the solvent, but in order that the plate may be kept im- 
mersed throughout it is preferable to add the solvent first, mix thoroughly, 
and then withdraw the same volume of solution.) 

Jtist before let the external concentration be Co ; then the internal 
concentration c — ACq. Just after the external concentration will 
be Cft(i — and hence the concentration difference across the plate 
will he c 4- WoCq — (A + i)Co. 

Diffusion now occurs without disturbance until time when a fraction 
mi of the dye in the external sohition is removed. 

Just before ti, let the external concentration be Ci- 

At time t (between and /i) let the external concentration be C. 

Then the increase in the external concentration since just after 
= C — Co(i — Wo). 

The concentration difference across the plate at time t 
^ [0 + moCo - (A + i)Co] ^ (A + x)lC - Co(i - m,)] 

= c — AWoCo — (A + i)C. 

Hence, from Fick's Law, at the time t the rate of transfer of dye 
== DA - (^ + i)C] 


where D is the effective mean diffusion coefficient over the range of con- 
centration obtaining in the plate. But, since all the diffusing dye enters 
the external solution, the rate of transfer of dye = hj'iiCI'ht, where v is 
the volume of the intexmal solution. 


. dC 

’ * 6' — AwqUo -- (A -1- i)C' XvL 

Summing over the period of time between the observations of the external 
concentration, 

dU ^ f^^Dd^ 

co(i — Wo) ^ — AwoCq — {A --j- i)C 

. ^ c + WqCq -—(Ad- i)Co _ — i^o) 

A -f' I c — ' AwqCq — (A -|- i)Ui XvL 

where D is^ the effective mean diffusion coefficient (over the concentration 
range obtaining in the plate) during the period from tQ to ti. Rearranged, 
and transformed so as to apply to logarithms to base lo, the equation 
becomes 


Da 


2A 


(A -f i)(ti — ^t,) 


logic 


where a, the calibration constant, = — logioe* 


c -h WqCq — (A -|- i)Cq 
c — AmoCo — (A -\- i)Ci 
2A 


( 2 ) 
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By putting w. = i and C„ = o (the conditions applying to the simple 
technique) the equation reduces to that already given (equation (i)) lor 

the simpler method. ■ i r 

Reasoning similar to that given above shows that for the period irom 

^ 2 A ^ — (A + t) Ci ^ 

^ (A + i)(^2 — 7 ij c — A(WoCo + Wi^i) *-■ 
and for the general case of the period from to 

t = M 2 

C — A|^';%Ci + (A + 


jDa 


2A 


(A + l)(2fn - ^n-l) 


logi 


c — — (A + i)C„ 


( 4 ) 


where nzi is the fraction of dye in the external solution removed at time ti, 
and Ci is the external concentration just before 

In each equation the numerator and denominator of the concentraticui 
ratio are respectively the concentration differences across the plate at the 
beginning and the end of the diffusion period. It is important to notice 
that the diffusion coefficient 7 ) found from any of these equations is iiu 
integral value over a finite time for a concentration range changing slightly 
in that time. Although often referred to as the " diffusion coefficient/' 
this quantity is more strictly termed the “ mean diffusivity/’ It has 
been shown by Gordon that the mean diffusivity over a fixed concen- 
tration range Cj, to Cn is approximately equal to the true cl il fusion co- 
efficient corresponding to the single concentration (6\ + 


3. Experimental Results and Discussion. 

For each dye the mean diffusivity of the anion was measured in 
solutions free from and containing foreign electrolyte, and the iiilliionces 
of temperature and of concentration of dye and of electrolyte were studied. 
The three diffusion cells used in the work were originally of the simple 
type shown in Fig. i, and as such are referred to as cells i, 2 and 3, but 
for experiments at high temperatures cells 2 and 3, which .had finer jxirous 
plates than cell i, were built into the all-glass apparatus depicted in 
Fig, 2 ; these rebuilt cells are referred to as cells 2c and 3c. The identity 
of. the cell used to obtain any given result is indicated in the tables tluit: 
follow either by allocating a separate column to each cell or by giving 
the number of the cell in brackets immediately after the r(\suJt. TIu^ 
dye concentrations given are the initial internal values ; the (;xtenuil 
solutions consisted initially of dye-free solvent, so that the initial con- 
centration gradient was of the dye ions alone. 

When the simple cells were used each of the more important solutions 
was investigated by means of two or three experiments involving diJlcrcnt 
porous plates, and the mean result was accepted as the mean clilfusivity 
under the conditions obtaining. The agreement among the sexH^ral values 
found for a given solution by the use of different cells and tlie degnu; of 
reproducibility of the results obtainable from any one cell variiid con- 
siderably with the experimental conditions ; no geucnd figunj for the 
mean deviation can be given, and the individual results are tlicrefiii’e 
given in addition to the mean values. With the all-ghuss cells used at 
high temperatures each experiment yielded several values, and with 
solutions two or three expei'iments were performed. It was in general 
found that the agreement among the re.sult.s was wlcjn a. 

electrolyte was present than when the pure dye wa,s studitsl. 
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(a) The Diffusion of Ghrysophenine and Direct Fast Orange SE in 
Solutions free from Foreign Electrolyte, 

The results obtained with Ghrysophenine at initial concentrations 
varying from o*i to 2'0 g. per litre, and at temperatures of 25°, 40°, 60° 
and go° C. are given in Table I. The data for 25'^ C. are less concordant 
than is desirable, but show no serious deviation from Fick's Law (which 
regards the diffusion coefficient as independent of concentration) between 
0*5 and 2*0 g. per litre. The mean of all the readings in this range may 
therefore be accepted as the diffusion coefficient under the conditions 
specified ; the value obtained is 67 x 10-^ cm. 2 per sec. At lower dye 
concentrations the observed diffusion coefficient is rather lower. At 
40° C. discrepancies are again evident, but Fick’s Law is valid at least 
for concentrations of 0*5 to i-o g. per litre, and probably for all concentra- 
tions examined ; the mean of all the determinations is lo*o x lO”® cm.^ per 
sec. At 60° and 90° C. the agreement among the results is better, and 
the mean values of the diffusion coefficient are 15*0 x lo-® cm. 2 per sec. 
and 22*2 X lo-"® cm. 2 per sec. respectively. 

The results obtained with Direct Fast Orange SE at initial concentra- 
tions varying from 0*2 to 4*0 g. per litre and temperatures of 25°, 40° 
and 60° C. are given in Table II. The data for 25 C. exhibit an appreci- 
able scatter, and suggest some dependence on the particular cell used, 
so that the mean of all the results, 7*2 x lo-® cm.^ per sec., can have only 
an approximate significance. Deviations from Fick's Law are well within 
the experimental error. The data for 40° and 60° C. are in much better 
agreement, the different cells giving closely similar values for a given 
solution ; the results obtained at 60° C. show that Fick’s Law applies 
over the concentration range examined. 

In view pf their scatter it is of interest to compare the experimental 
diffusion coefficients with the minimum values demanded by the following 
theory. 

The diffusion coefficient D of a non-ionised solute is given by the 
equation 

D - RTB (5) 


where JR is the gas constant (in ergs per °C. per mole), T is the absolute 
temperature, and B, the absolute mobility, is the velocity of the solute 
under a force of i dyne per mole. If the solute molecules are assumed 
to be spheres of radius r large in comparison with that of the solvent mole- 
cules the diffusion coefficient is related to the radius by the Stokes-Einstein 
equation 


D 


RT 

dTrNrjr 


( 6 ) 


where N is Avogadro’s number, and rj is the viscosity of the solvent. 

When the diffusing solute is an electrolyte, as are the dyes considered 
in this work, electroneutrality is preserved throughout the solution by 
the cations and anions diffusing at the same rate. A potential gradient 
exists between the two species of ions, and the diffusion coefficient of the 
electrolyte is given by the Nernst-Haskell equation : — 20 


D 


jra 


10 


\n+ n^J 


uv 

u V 


(7) 


where F is the Faraday (in coulombs), u and v are the equivalent con- 
ductances and and the corresponding valencies of the cation and 
anion respectively. For most direct dyes the ratio of the equivalent con- 
ductance to the valency is greater for the cation than for the anion, and 
consequently the diffusion coefficient of the pure dye is greater than that 
of the dye anion, which depends only on the ratio v jn^. Since the diffusion 
coefficient of the pure dye depends on the conductances of both the cation 
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and the anion the Stokes-!^instein equation is not applicable, and the 
diffusion coefficient alone can give no information about the size of the 
diffusing anion. If the appropriate values of the conductances u and v 
are known the charge on the dye anion can be calculated, and hence 


TABLES I AND II.— Mean Diffusivities in Solutions Free from 
Foreign Electrolyte. 


Tempera- 

ture 

Dye 

concen- 

tration 


Mean diffusivity (cm,“/sec.) x 10 ®. 



rc.). 

is - per 
litre). 

Cell 1 . 

Cell 2 . 

Cell 3 . 

Cell 2 c. 

Cell 3 c. 

Mean. 

1 . Ghrysophenine 






25 

0*1 

6*2 

— 

— 

— 

— 

6*2 

0-2 

6 * 3 , 6*3 

, 6*6 

6-5 

— 

— 

6-4 


0-5 

6 * 6 , 6*6 

6 - 3 , 7-0 

6 * 9 , 7*0 

— 

— 

67 


1*0 

6*6, 6*6 

6*8 

6*9 

— 

— 

67 


2-0 

6*8, 6*5, 6*4 

— 


— 

— 

6*6 

40 

0*2 

9*8 

9-6 

9*7 

— 

— 

9*7 


0*5 

9-8 

10*2, 10*3 

10*1, 10*4 

— 

— 

10*2 


0*8 

9‘4 

10*2 

10*9 

— 

— 

XO -2 


1*0 

9*8 

10*4, 10*7, 
10*1 

I 0'6 

. — 

— 

10*3 


2*0 

9-2 

9*5 

9-8 

— 

— 

9*5 

60 

' 0-5 

— 

— 

— 

— 

15 * 1 , 

15 * 5 . 

14*8 

15*1 


1*0 

I4'6. 14-5 

H ' 9 , 15*4 

14*9 

— ‘ 

— 

14*9 

90 

1*0 




21*6, 

22*8, 

22*6 

21*4, 

22*6, 

22*5. 

21*8 

22*2 


2. Direct Fast Orange SE 


25 

0*2 

6 * 7 , 6 * 7 , 6*9 

7*3 

7*4 

— 

— 

7*1 


0*25 

7-6 

— 

— 

— 

— 



0*5 

6*8, 7*1,. 6*7 

8*0 

7.9 

— 

— 

7*3 


1*0 

6*6, 7'2 

8*0 

7-6 

— 

— 

7*4 


2*0 

6*5 

6*7 

7*5 

— 

— 

6*9 


4*0 

7*1 

— 

— 

— 

■ — 

7*1 

40 

1*0 

— 

— 

— 

10*2, 

9 * 1 , 

9*6 






9 * 6 , 

9 * 3 » 







9*5 

9 * 4 . 








9-8 


60 

0*2 

13*7, 14*2, 

13*7 

14*0 

— 

— 

14*0 



14*5 







0*5 

14*3, 14*0 

13*9 

13*7 

— 

14*1. 

14*0 







14 * 1 . 








13 * 4 . 








14*2 



1*0 

14*1, 13*6 

13*7 

14*0 



13*9 

1 


some information obtained about its degree of aggregation. Nevertheless 
the diffusion coefficient of the pure dye is relatively insensitive « to changes 
in the value of n^, particularly when is large. The form of the Nernst- 
Haskell equation is correspondingly such that small errors in the sub- 
stituted values of the ionic conductances and the diffusion coefficient 
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introduce relatively large errors in the calculated value of and hence 
this method is not very helpful either. 

The data given in Tables I and II cannot therefore be used to assess 
the degree of aggregation of the dye anions. They are, however, useful 
in that they provide a check on the freedom from foreign electrolytes of 
the dyes used. By using the Nernst-Haskell equation Hartley and 
Robinson ^ have shown that in the absence of foreign electrolyte a dye 
that has a high conductivity must also have a high diffusion coefficient ; 
the latter must in fact exceed a minimum theoretical value given (where 
sodium ion' is the cation) by the equation 


D 


^ 

A 


( 8 ) 


where it is the equivalent conductance of sodium ion, A is the equivalent 
conductance of the dye, and the other symbols have the same significance 
as before. 

This minimum affords a valuable check of the purity of the dye. The 
presence of electrolytic impurity increases the value of A and hence 
increases the apparent minimum theoretical diliiision coefficient ; on 
the other hand it can be shown by use of the general equations quoted 
by Vinograd and McBain for the diffusion of ions in mixed electrolytes 
that the actual diffusion coefficient of the dye anion is decreased when 
any of the common electrolytes (sodium chloride, sulphate, or carbonate) 
diffuses with it into pure water. Since these effects are in opposite 
directions the presence of even a small amount of foreign electrolyte 
may lower the diffusion coefficient to a value below the calculated minimum, 
and the amount of electrolytic impurity that may remain undetected 
is in fact strictly limited. 

In order to find the mhiimum theoretical diffusion coefficients for 
solutions of Chrysophenine G and Direct Fast Orange SE the equivalent 
conductances at infinite dilution were found by extrapolation from the 
conductivity data given in the succeeding paper of this series, 22 and were 
substituted in equation (8) together with corresponding values for the 
sodium ion. In Table III the calculated minima are compared with the 
observed mean values, and it will be seen that for all solutions examined 
the observed value exceeds the theoretical minimum. 


TABLE HI. — Comparison of Calculated Minimum and Observed 
Values of the Diffusion Coep-ficient. 


Dye. 

Temperature 

ec.) 

u . 

A . 

Calculated 

luiaimum 

D . 

Mean 

observed 

D. 

Chrysophenine . 

25 

50-1 

87-4 

5*68 X 

6-G X I0~® 


40 

70 

117 

7-85 X lo-® 

lo-oX I0“® 


60 

95-5 

157*5 

II-2 X 10-® 

1 5*0 X 10 “® 


90 

138-5 

222 

16-9 X 10"-® 

22-2 X lO”® 

Direct Fast Orange 

25 

50'i 

97*5 

6*45 X 10”® 

7'2X 10-® 

SE 

40 

70 

130 

9*01 X 10”® 

9*6 X 10”® 


60 

95*5 

173 

12-7 X 10”® 

14-0 X 10-® 


(b) The Diffusion of Chrysophenine in a Uniform Concentration of 
Sodium Chloride. 

It has been noted above that the necessity of preserving electro- 
neutrality compels the ions of a diffusing electrolyte to move at the same 
rate, the ion with the lower absolute mobility being speeded up and that 
with the higher absolute mobility being slowed down by the potential 
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gradient between the ions of opposite charge. If, however, the ions are 
diffusing in a uniforna concentration of another electrolyte this potential 
gradient is reduced and each ion tends to move at a rate depending on its 
own absolute mobility, i.e, at a rate controlled mainly by its size and shape. 
In an anionic dye of type NuaR, the anion is much larger than the cation 
and hence has a lower absolute mobility ; a ■ decrease in the observed 
diffusion coefficient of the ion may therefore be expected to result from the 
uniform addition of a foreign electrolyte to the pure dye solution. This 
effect is evident from Table IV, and the very rapid decrease of the diffusion 
coefficient on the first small addition of electrolyte is shown by the curves 
of Fig- 5, where the data for a dye concentration of 0*5 g. per litre are 
plotted. This figure also shows that when the concentration of sodium 
chloride exceeds a certain value, the diffusion coefficient of the dye be- 
comes independent of that concentration, suggesting that there is sufficient 
electrolyte present to eliminate the potential gradient normally established 
when an electrolyte diffuses. Similar results were obtained at the other 



SODIUM chloride: concentration Cg.-e:quiv. per litreI 

two dye concentrations studied, and although there is some scatter of 
the experimental points the limiting diffusion coefficients obtained as 
means of the values at relatively high sodium chloride concentrations 
appear to be reliable. 4 

At high sodium chloride concentrations the diffusion coefficient of 
Chrysophenine anion is practically independent . of both dye and salt 
concentrations, and Pick's Law is applicable. It is clear from Table IV 
that in the intermediate domain where the potential gradient, though 
less than in the diffusion of the pure dye, still exists there are appreciable 
deviations from Pick's Law, the diffusion coefficient at a fixed sodium 
chloride concentration varying with the dye concentration. 

The results presented in Table IV at 60° and go'" C., where the repro- 
ducibility of readings in an experiment is not always satisfactory, require 
further comment. The solutions containing salt concentrations 5*0, 
10 -o and 20*0 g. per litre were examined in order to explore the domain 
where the salt concentration is very large compared with the dye con- 
centration. These solutions flocculate at room temperature and were 
therefore prepared and constantly maintained near the experimental 
temperature, where they are stable. Although calculations indicate 
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TABLE IV. — Mean Diffusivities of Chrysophenine G in Solutions 
Containing Uniform Concentrations of Sodium Chloride. 


Temp. . 
(°C.) ^ 

Sodium chloride 
conccntriitiou. 

Mean diffusivity (cm." per sec.) X io» at internal ilyc concentrations 
ig. per litre.) 

g. per ( 
litre.) p 

g.-equiv. 
er litre.) 

1 




0 *2. 

D- 5 . 

.>*K. 

I-O. 

25 

0-02 C 

>•00034 

4'19 (i) 

4-E3 (2) 


5-i8 (3) 

0*05 c 

>•00086 

3-48 (2), 3-45 (3) 
Mean. 3*47 

3 ‘ 9 <> (3). 4 '“.'> {^) 
Mean 4*00 


4 ;. 5 i (1, 2) 
Mt:an 4' 51 


o-i c 

>•00171 

3-20 (3) 

3 ‘ 4 f> (i) 

— 

3-()2 (2) 


0-2 C 

>•00342 

3 'i 5 (i) 

2-94 (2) 

• — 

3-32 (3) 


0-5 C 

>•00855 

278 (2) 

2'94 (3) 

— 

3 'H (1) 


0*8 c 

>•0137 

2-94 (3) 

2'90 (l) 

— 

2 *(36 (2) 


1*0 c 

DOI7I 

3-05 (i), 3-00 (i) 
Mean 3*03 

2-87 (2), 274 (2) 
Mean 2*8 1 

- ; 

1*98,2*80(3) 
Mean 2*89 


c 

>•0274 



2-QO (l) 

2*0o (2) 
Mean 2*75 


2-0 < 

VO342 

2'98 (2) 

2'93 (3) 

7-91 {3) 

— 

40 

0*02 < 

3*00034 

6*70, 6*67 (l) 
Mean 6*69 

7-34 (2) 



0*05 < 

D'OOo 86 

5-42 (3) 

rvi5 (l) 

<■'•4.5 (2) 

— 


0’2 < 

0*00342 

470 (2) 

4 ‘ 9 S ( 3 ) 

S'tS (I) 

— 


, 0*5 ' 

0-00855 

4-62 (I) 

4-51 (2) 

4-58 ( 3 ) 

— 


I'O ' 

0-0171 

4-55 (3) 

4-32 (I) 

4-36 (2) 

— 


1-6 

0*0274 



4-35 (i) 
4-19 (2) 
4-29 (3) 

Mean 4*28 



2*0 

0*0342 

4’57 (i). 4-32 (2) 

4-41 (3) 

Mean 4*43 

4'39 (i)..4-i8 (2) 

4-29 (3) 

Mean 4*29 



60 

! 

I'O 

0-0171 

7-15. 6 * 95 , 6*90 (3t:) ; 
6*80, 6*01, 

7*00, 6*6o (3^;) ; 

6*78, 7*11, 

7*67, 6*84 (2^) 
Mean 6*89 




2-0 

0*0342 


7 ' 37 . 7 'if>. 

772, 7-29 (3c) ; 

6*92, 6*23, 

6*80, 6*68 { zc ) 
Mean 7*02 




5-0 

0*0855 


6*o6, 6*28 ( zc ) ; 
6*53, 6*42, 6*14 (2^;) 
' Mean 6*28 




lO-O 

0*171 

6 - 49 . 6-39 ( 3 «) : 
5*68, 6*09, 6*10, 
6*56 ( 2 C ) 
Mean 6*22 




90 

2-0 

0*0342 


12*1, ir*o, 12*5, 
11*8 (2c) ; 1 1 -6, 
10*2, 13*9, 11*2, 

10*8 ( 2 C) 

Mean 11*7 




lO'O 

0*171 


ro*6, 11*3, 10*7 (3c 
10*3, 10*7, 11*3. 

12*1 ( 2 C ) 
Mean 11*0 

) - 



20-0 

0*342 

10*8, 8*9, 

9-8 (2c) ; 8*8, 
11*2, 9*6 (3c) 
Mean 9*85 

' 
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that in this domain the effect of the potential gradient is negligible, the 
observed diffusion coefficient at a fixed dye concentration decreases with 
increasing salt concentration at 6o° and 90^ C. Similarly at 90° C. the 
diffusion coefficient decreases with increase of the salt-dye ratio between 
the two highest salt concentrations studied* These results suggest that 
in this domain (which was not reached in the experiments at 25° and 40° C.) 
the degree of aggregation of the dye anion increases with increase of the 
salt-dye ratio. The lowest observed diffusion coefficients at 60° and 90° C. 
are substituted in subsequent calculations of the anionic radius and 
aggregation number. 

When the dye diffuses in the presence of a uniform concentration of 
a second electrolyte the potential gradient between the diffusing cations 
and anions is diminished by an induced simultaneous diffusion of the ions 
of that electrolyte. Hartley and Robinson have shown that under 
such conditions the observed diffusion coefficient of the dye anions is given 
by the equation 


D = ~ IO "7 — 


I + 


' n^J 


it + V -] — (u' H- v') 
c 


(9) 


where u' and v' are the equivalent conductances of the cation and anion 
of the second electrolyte, 0^ is the equivalent concentration of this electro- 
lyte and c the equivalent, concentration of the dye ; in all the following 
values of c^jc for experiments conducted by the porous plate method, 
c. is taken as the mean of the internal and external dye concentrations. 
The second term in the square brackets represents the contribution of 
the potential gradient to the diffusion coefficient. It has been mentioned 
above that at the lower salt concentrations the diffusion coefficient at a 
fixed salt concentration varies with the dye concentration, so that Pick's 
Law is not obeyed ; this observation could be predicted from equation 
(9), because the second term inside the square brackets is constant not at 
a fixed salt concentration (c' constant) but at a fixed salt-dye ratio [o' jc 
constant). Actually, the data given provide some experimental con- 
firmation of this. In Table V are given the diffusion coefficients (inter- 


TABLE V. — ^Mean Diffusivities of Chrysophenine in Solutions 
CONTAINING Uniform Concentrations of Sodium Chloride. 


Temperature 

rc.) 

Salt/Dye 

Ratio 

c'/c. 

1 Internal dye conceiitration 

1 (g. per litre). 

0 ' 2 . 

0 - 5 . 

0 - 8 . 

1 * 0 . 

25 

0*58 



4*5 


4-3 


I-l6 

4*00 

3-95 

— 

3-87 


2*33 

3*6o 

3*40 

— 

3.32 


II-6 

300 

i 2’94 

— 

2*90 

40 

0*58 

7^5 

7*05 

6-85 

— 


i-i6 

6-6 

6*00 

5*90 

— 


2'33 

5-60 

5-40 

5-27 

— 


11*6 

4*75 

4-50 

4-40 

— 


polated where necessary) for three dye concentrations at varied con- 
centrations of sodium chloride chosen so as to correspond to constant 
values of the dye-salt ratio, and although they are not quite independent 
of the dye concentration they are much more nearly so than the valiie.s 
for fixed low salt concentrations (Table IV). 



556 THE AQUEOUS DIFFUSION OF DIRECT DYES 


However, the main point of interest arising from equation (9) is that 
as the salt-dye ratio c'/c increases the potential gradient diminishes, and 
■with it the diffusion coefficient. When the salt-dye ratio is sufficiently 
high the effect of the potential gradient becomes negligible, and the dif- 
fusion coefficient is given by the equation 


I) 


Rr 




V 


(10) 


In these circumstances the diffusion coefficient of the dye anion is 
directly proportional to the anionic mobility, which will in turn depend 
upon the shape and size of the anion and upon the interionic forces oper- 
ating in the diffusion process. With regard to the latter Hartley 23 
pointed out that under these conditions only the relaxation term will 
be operating, and that even it will be considerably smaller in a diffusion 
process than in electrical conduction, where the anion and cation are moving 
in opposite directions. The interionic forces are therefore small, and as 
a first approximation can be neglected. Thus the observed diffusion co- 
efficient of the dye anion in the presence of a theoretical excess of sodium 
chloride depends only on the shape and size of the diffusing anion, and 
the Stokes -Einstein equation can be applied to determine the anionic 
radius. 

The value of the salt-dye ratio necessary to eliminate the effect of 
the potential gradient must vary considerably from dye to dye. The 
numerator of the term representing the contribution of the potential 
gradient to the diffusion coefficient can be shown to increase as -the value 
of the anionic charge n- increases. Since the anionic charge depends on 
the degree of aggregation it follows that a highly aggregated dye requires 
a higher salt-dye ratio to eliminate the effect of -fche potential gradient 
than a slightly aggregated dye. Moreover, if the degree of aggregation 
increases with increasing salt concentration when the dye concentration 
is maintained constant, the effect of the potential gradient will decrease 
only slowly with increasing salt concentration. It is therefore essential 
to consider the possible degree of aggregation of the dye when any doubt 
arises whether the salt-dye ratio is sufficiently high to eliminate the effect 
of the potential gradient. 

In the interpretation of the data obtained at 25° and 40® C. for Chryso- 
phenine there is no room for any such doubt. As the sodium chloride 
concentration is increased at a constant dye concentration the diffusion 
coefficient falls to a value that remains constant when the sodium chloride 
concentration is further increased. This must mean that the salt-dye 
ratio is sufficiently high to eliminate the potential gradient ; the StokOvS- 
Einstein equation can therefore be applied, yielding the results j^resented 
in Table VI, This table contains also the results from the highest salt-dye 
ratios examined at 60° and 90” C. 

TABLE VI. — Diffusion Coefficients and Anionic Radii for 
Chrysophenine in Sodium Cheoride. 


Temperature {° C.) 

25 

40 

60 

90 

D {cm. 2 /sec.) X 10® 

2-90 

4'35 

6-25 

9-85 

r (A.) 

Aggregation number, G 

8-4 

8-0 

8-3 ! 

1 

8-5 

fp = I'O . 

2-4 

2'0 

2*3 ' 

2-4 

\p = i ‘5 . 

3-6 1 

3-0 

3'4 1 

3.6 


The validity of the Stokes -Einstein equation being assumed, the 
accuracy of the calculated values of the mean micellar radius r is of the 
same order as that of the experimental values of the diffusion coefficient. 
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It is, however, improbable that the dye micelles are spherical, and the 
values of their mean radius calculated on this assumption will therefore 
be approximate. 

The calculated values of the aggregation number G represent the 
average number of single ions in an anionic micelle, and are based on the 
assumption that the micelles do not contain any cations. If these micelles 
are assumed to be spheres of radius r and density p, then G is given by 
the equation 

= (”) 

where N is Avogadro's number and M is the molecular weight of a single 
dye anion. Since G is proportional to the cube of the radius the error in 
the calculated values of G is considerably greater than in the values of 
the mean radius. 

The value of the effective density of the diffusing micelle is not known 
exactly. Robinson ^ assumes it to lie between the density of the solution 
and that of the solid dye. Now for solute particles not affecting the 
structure of the water around them the density effective in diffusion is 
equal to the reciprocal of the partial specific volume as determined pyk- 
nometrically. The apparent partial specific volume of each pure dye 
in aqueous solution was therefore measured at concentrations i‘0, 2*0 
and 4*0 g. per litre by the pyknometer method at 25° C. and was calculated 
by means of a convenient expression quoted by Kraemer.^^ For Chryso- 
phenine and for Direct Fast Orange SE the apparent partial specific volume 
was found within experimental error to be independent of the dye con- 
centration and to be unaltered by the addition of sodium chloride. The 
mean of the results for each dye was therefore taken as the true partial 
specific volume, from which the effective density of the dye as a whole 
was found. 

If the value of the fraction of sodium included in the anion is known 
it is possible, by means of data for the apparent volume of the sodium 
ion in solution, to deduce the partial specific volume of the dye anion 
from that of the whole dye. The fraction of included sodium is not, 
however, known for Chrysophenine or Direct Fast Orange SE. Since 
the intense electrostatic field due to the sodium ion breaks down the 
structure and thereby increases the density of the surrounding water, the 
apparent volume of the sodium ion in solution is negative. The partial 
specific volume of the dye anion is therefore greater than that of the whole 
dye, and its effective density in solution is less. Thus the effective density 
of the whole dye may be taken as an upper limit to the possible values for 
the anion. Calculations show that, whatever the fraction of sodium 
included in the anion, the densities of the whole dye and of the anion 
differ by less than 10 %. 

The densities of solid Chrysophenine and Direct Fast Orange SE 
were also measured, by the usual specific-gravity-bottle method, with 
cyclohexane as non-solvent liquid. 

The density results are summarised as follows ; — 

Density fg. per c.c.). 

Chrysophenine. Direct Fast Orange SE. 

Whole dye in solution . . 1*50 i*66 

Solid dye .... 1*48 1-59 

The change in volume on dissolving the dye is therefore small. This 
indicates that the anion (which constitutes more than 93 % by weight 
of either dye) does not materially affect the structure of the water around 
it. Hence it is permissible to equate the effective density of the dye 
anion to the reciprocal of its partial specific volume, and not seriously 
inaccurate to do so for the whole dye. 

In the tables for Chrysophenine and Direct Fast Orange SE, lower 
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and upper limits for the aggregation number (as aifected by the density 
assumed) are quoted. The lower limit assumes the dye anion to have a 
density x*o g. per c.c. (approximately that of the solution). The upper 
limit is based on the effective density of the whole dye in solution, and 
the true value is considered to lie within xo % of this upper limit. 

The calculated values of G are, as pointed out above, more subject to 
error than those of the micellar radius ; nevertheless it is evident from 
the values given that Chrysophenine is only slightly aggregated in the 
presence of sodium chloride. 

(c) The Diffusion of Direct Fast Orange SR in a Uniform Concentration 
of Sodium Chloride. 

Experiments similar to those described above were also made with 
Direct Fast Orange SE ; the results obtained are presented in Table VII. 


TABLE VII.—Mean DiFimsivixiES of Direct Fast Orange SE in 
Solutions containing Uniform Concentrations of Sodium Chloride. 



Sodium chloride 
concentration. 


Mean dillusivity (cm.» per sec,) X at internal dyo 

oonceutrations (g. per litre). 


(g- 

litre). 

(g. eguiv. 
per litre). 

0 * 03 . 

0-05, 

0*1. 

0 - 3 , 

0 - 5 - 

I-O. 

25 

0*025 

0-00043 






3'43 (1) 

4-19 (1) 

5-30 (1) 


0-05 

o*ooo86 




2'37 (2) ; 
2-44 (3) 
Mean 2-41 

3-33 (I) 

3'92 (i) : 
4-22 (2) ; 
3-6g (2) 
Mean 3-94 


O'l 

0-00I7I 

— 

— 


2-21 (l) 

2-05 (I) 

278 (3) 


0*2 

0*00342 

— 

— 



I -go (2) 

x-gi (2) 

2-24 (2) 


0*4 

0*00684 

— 

— 

— 

177 (3) 

172 ( 3 ) 

1-95 (l) 


0'5 

0*00855 

— 

— 

— 


— 

— 


0-6 

0*0103 

— 

— 

— 

I '59 (I) 

1-59 (i) 

I-SS (2) 


0-8 

0-0137 

— 

— 

— 

— 



1'40 (3) 


i-o 

0*0171 




i '44 (i) 

1-42 (3) 

Mean 1*43 

1-46 (i) : 

f 35 (2) : 
1-29 (2) : 
1-36 (3) 

Mean 1*36 

i' 5 o (1) : 
1'43 (3) 

Mean 1-47 


2*0 

0*0342 

1-30 (i) 

I'24, 

1-29, 
i '33 (i) ; 
1-32 (3c) 
Mean 1-30 

1*26 (i) ; 

1*27, 

I '24 (2(:) 

Mean ;t*2C) 

1-23 (i) : 
i‘ii, 
i-i8 (3c) 

Mean i"i7l 

1-26 (ij ; 
1*07, 

1-02, 

I -06 (3f) 

Mean i-io' 




0-0684 

I- 2 I (I) 

— 


— 

— 

’ 


0*02 

0-00034 


— 


8- 11 (3) 

9-67 (1) 

I I-O (2) 


0-1 

0-00171 

— 

— 

— . 

5-58 (I) 

(>•20 (2) 

7-03 (3) 

60 

0*2 

0-00342 

■ 

— 


5'2o (2) 

5'34 (3) 

5-62 (l) 


0*5 

0-00855 

— 

— 

— 

4 ' 5 <> (3) 

4-42 (1) 

4'35 (2) 


1*0 

0-0171 

— 

— 

— 

4-27 (1) 

3-93 (2) 

3-85 (3) 


1*6 

0-0274 






3 ' 3 i (1) : 
3'40 (2) ; 
3-51 (3) 

Mean 3*41 


2*0 

0-0342 


4-48 (i) ; 
4-48 (2) ; 

4-46 (3) 

Mean 4-47 

4-44 (i) : 

4-32 (2) : 
4-25 (3) 

Mean 4-34 

3'96 (i) ; 

4-03 (2) : 
3-98 (3) 

Mean 3-99 

3-56 (i) ; 
3-59 (2) : 

3-63 (3) ; 

3 - 34 - 376. 
376 (3c) 

Mean 3-60 



Before the interpretation of these results is considered, it is desirable to 
refer briefly to their determination. Most of the data were obtained with 
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the original cells before they were built into the all-glass apparatus, and 
at 6o° C. there was an appreciable amount of evaporation from the external 
solution. It has already been pointed out that this alters the diffusion 
coefficient when a second electrolyte is present because it induces diffusion 
of this electrolyte in the opposite direction to that of the dye, and it was 
therefore necessary to apply a correction to take account of this effect. 
By reasoning similar to that used by Hartley and Robinson ^ the diffusion 
coefficient of the dye anion diffusing simultaneously with a second electro- 
lyte was found to be given by the equation 


D 


RT , z; 
10 "’ — 


/ V u\ 

■ \n- n+J 


I +■ 


be 


W v' \ 

t \nj 


be / W U\ 


b/j 




(u -\- v) + [u' + v')c' jc 


( 12 ) 


where be'/b^ and 'bcj'hh are the concentration gradients of the second 
electrolyte and the dye respectively ; these are measured in the same 
direction, so that their ratio is negative where the second electrolyte dif- 
fuses in the opposite direction to the dye. The other symbols have the 
same significance as previously, w, u, n, and c referring to the dye and 
u\ v\ n', and c' to the second electrolyte. In a uniform concentration 
of the second electrolyte the diffusion coefficient is given by equation (9) : 


D = 


RT 


.jlI, 

f V u\ 

1 1 

n - [ 2;) _|_ _j_ v ') c '/ c ] 


and hence the error due to the non-uniformity of concentration of the 
second electrolyte, which in its turn is due to the evaporation, is 




10 " 


■ be'/b^ 
bc/b/i ' 

r v' u' \ 

\n-.' n+) 


Xu + v) -j- {u' + v')c' jc) 


For calculation of the percentage error the desired diEusion coefficient 
RT V 

may be taken as io~’ — , the second term in the bracket (equation 

'Ylf . 

9) being negligible in the presence of excess salt ; hence 


% error = 


'bc'IVi f u' \. 

:oon^ ^ , -■■( — > j 

J 

{u v) -i- (u' + v')c' /c 


The values of the diffusion coefficient given in Table VII for a temperature 
of 60° C. were, with the one exception of the diffusion coefficient deter- 
mined in Cell 3c, where no evaporation occurred, corrected by the use of 
this equation ; the correction was usually about 3 %. 

The value of to be substituted in the expression for the correction 
was found at each dye concentration by comparing the diffusion coefficient 
(interpolated from experimental results) at an almost uniform sodium 
chloride concentration of 1*5 g. per litre, with that found when the internal 
and external salt concentrations were intentionally made to be i-o and 
2*0 g. per litre respectively. Allowance being made for the evaporation 
from the external solution in each of these experiments, n- is the only 
unknown in the expression for the percentage difference between these 
results. As a working approximation, the resultant value of for each 
dye concentration was taken to . be valid for the whole investigated range 
.of salt concentration, and on this basis the correction for evaporation 
was calculated for each experiment. On account of the small value of 
the correction, the approximations involved in its evaluation cause no 
significant error in the final result. 
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Equation (12), on which the correction is based, was checked by the 
experimental determination of the diEusioii coeificient of Direct Fast 
Orange SE in the presence of non-tmiform concentrations of sodium and 
potassium chloride. It will be seen from the equation that the correcting 
term becomes zero either when ITih is zero {i.c. when the second electro- 
lyte is at a uniform concentration throughout) or when v' fnj = u' 

For sodium and potassium chlorides n has the value t throughout ; u' 
for sodium ion is 95^5, and for potassiurn 132, whilst v' for chloride ion is 
133 (all values correspond to 60" C.), Hence when the second electrolyte 
is sodium chloride {v' InJ — w'Mi O 37’5' whilst for potassium chloride 
it is x ; it would therefore be expected that the diffusion coefhcieiit of 
the dye would be the same in a non-uniform as in a. uniform concentration 
of potassium chloride, whereas for sodium chloride the values would be 
appreciably different. This was tested experimentally by measuring the 
diffusion coefficient of Direct Fast Orange SE (0*5 g. per litre) first in a 
uniform concentration of the salt (2 g. per litre), and then repeating the 
measurement with the concentration of salt in the external solution re- 
duced to about half of its former value. The values obtained were ; 


T) (cm.s/sec.) X io«. 


Sodium chloride, uniform concentration . . , 3*62 

Sodium chloride, non-uniform concentration , . . 3*11 

Potassium chloride, uniform concentration . . . 3*68 

Potassium chloride, non-uniform concentration . . 3*68 


The experimental results thus fully confirm the theoretical deduction. 

The results given in Table VII are reproduced in Figs. 6 and 7, in which 
the diffusion coefficient is plotted against the sodium chloride concentra- 
tion. From Fig. 6 (25° C.) it is evident that at any constant electrolyte 



sodium chloride CONCEINTRATION (G.- EQUIV PER LITRE) 


Fig, 6. — Direct Faist Orange SE in sodium chloride solution at 25° C. 

concentration above 0-6 g. per litre the diffusion coefficient of Direct Fast 
Orange anion is, within the experimental error, independent of the dye 
concentration within the range 0-2 to i-o g. per litre. On the other hand 
at each constant dye concentration the diffusivity fails to attain a constant 
value in the observed range (which extends almost to the flocculation 
point) . of sodium chloride concentration, continuing to decrease slightly 
on further addition of electrolyte even when the equivalent concentration 
of the electrolyte is 130 times the average of the internal and external 
equivalent concentrations of the dye. 
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The data for 60° C. are shown in Fig. 7. At low concentrations of 
sodium chloride the three curves lie in the same order as at 25® C., with 
the curve for the most concentrated dye solution uppermost, but when 
the sodium chloride concentration is increased the curves reverse their 
order instead of, as at 25° C., uniting to form one curve. They resemble 
those at 25° C., however, in indicating that the diffusion coefficient 
decreases steadily as the electrolyte concentration is increased. 


Fig. 7. — ^Direct 
Fast Orange SE 
in sodium chloride 
solution at 60° C. 



The steady decrease of the diffusion coefficient of Direct Fast Orange 
SE when the concentration of sodium chloride is increased to give a salt- 
dye ratio of over 100 is in striking contrast to the behaviour of Chryso- 
phenine, whose diffusion coefficient becomes independent of the sodium 
chloride concentration at 25° and 40° C. when the salt-dye ratio is greater 
than about 20. The decrease may be due to any or all of the following 
causes : — 

(1) The retarding influences . of the iiiterionic forces increasing with 
the ionic strength of the solution ; 

(2) A very gradual reduction of the potential gradient which is not 
eliminated at any observed salt-dye ratio ; 

(3) An increasing aggregation of the dye anion as the sodium chloride 
concentration increases. 

Now the effect of the interionic forces will be greater for a highly 
aggregated dye than for one only slightly aggregated, yet Robinson has 
found ^ that the diffusion coefficient of meta-Benzopurpurine, which is 
fairly highly aggregated in solution, becomes independent of the sodium 
chloride concentration as the latter is increased. There is therefore no 
evidence that the interionic forces operating on this dye, whose anion, is 
highly charged, are sufficient to prevent the attainment of a constant 
diffusion coefficient, and it is therefore very improbable that the observed 
decrease in the diffusion coefficient of Direct Fast Orange SE can be at- 
tributed to such a cause. 

The diffusion coefficient of Direct Fast Orange not only decreases with 
increasing sodium chloride concentration when the dye concentration is 
maintained constant, but it decreases with increasing dye concentration 
when the sodium chloride concentration is maintained constant at suf- 
ficiently large values, in particular at 60° C. This observation might, 
as Valk6 ® suggests, be taken as strong evidence that the sodium chloride 
is in excess, but such a criterion is not in itself sufficient. The diffusion 
coefficient of the dye anion in the presence of a second electrolyte not 
necessarily in excess is given by equation (9) : 


D 


RT 

pi • 10 -^ 



n^(uln^ — vfn^) n 
u V -\- (u' -I- v')c^cj ■ 
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This equation may be witten in the form 

where E is proportional to the potential fj;raclient between the diffusing 
cations and the anionic dye micelles. It has already l)een stressed that 
the contribution of the potential gradient to the observed diffusion co- 
efficient D increases with the charge of the anionic micelle. Thus a 
highly aggregated dye I'equires a higher salt-dye ratio c' jc to eliminate 
the effect of the potential gradient than a dye only slightly aggregated. 
This is obvious from physical considerations, for the force acting on the 
diffusing dye anion due to the potential gradient i.s the product of the 
potential gradient and the anionic charge n^. 

Now when the dye concentration is increased at constant sodium 
chloride concentration the salt-dye ratio c' jc diminishes, and hence the 
potential gradient will increase. Moreover, if the aggregation and hence 
the micellar charge also increase with increasing dye concentration 
the effect of the potential gradient will be enhanced, i.e. the term n^E 
will increase. The observed difusion coefficient, however, is the product 
of (v/nJ) and (i -j- n^E) ; and [vlnJ), the ratio of the mobility of the dye 
micelle to its charge, is inversely proj)ortional to the micellar radius, and 
hence will decrease with increasing aggregation. Under such conditions 
the difusion coefficient is the product of two factors, one of which increases 
and the other decreases, and the net result may therefore he either an 
increase or a decrease of the difusion coef&cient with increasing- dye 
concentration. Hence it is theoretically possible to find a decrease in the 
difusion coefficient (when the dye concentration is increased at constant 
sodium chloride concentration) even when the sodium chloride is not 
present in excess. Thus the decrease of the difusioii coefficient with 
increasing dye concentration that is observed when the sodium chloride 
concentration is maintained constant is not a sufficient criterion that 
the sodium chloride is so much in excess that the efect of the potential 
gradient can be neglected. 

The application of the Stokes-Einstein equation to diffusion coefficients 
determined in the presence of a concentration of second electrolyte 
insufficient to eliminate the potential gradient between the ions of the 
difusing electrolyte yields values of the degree of aggregation that are 
too small, and hence such data can at least be used to determine minimum 
values of the aggregation number. From the data of Table VH for the 
highest sodium chloride concentration of 2 g. per litre were obtained the 
minimum values of the aggregation number presented in Table VIII. 


TABLE VIII. — ^Minimum Aggregation Numbers for Direct Fast 
Orange SE in Sooium Chloride Soi-ution of Concentration 
2-0 G. FER Litre. 


Temp. 

Internal dye 
concentration 

Salt /Dye 

Z)(cm.’^/scc.) 

Radius 

Aggregation Number. G. 


(g. per litre). 

ratio. 

X I0«. 

(A). 

p I'O, 

p = i'66. 

25 

0-05 

520 

1-30 

187 

23 

39 


o-i 

260 

’ I -26 

19*3 

26 

43 


0'2 

130 

i-iy 

20-8 

32 

53 


0*5 

52 

i-io 

22-1 

39 

64 

60 

0-05 

520 

4*47 

II-6 

5*5 

ga 


0*1 

260 

4*34 

II-9 

6-1 

lO-I 


0-2 

130 

3*99 

13-0 

7-8 

12*9 


0*5 

52 

3 ‘6 o 

14*4 

10*3 

I7-I 
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These minimum values show that this dye is considerably more ag- 
gregated than Chrysophenine, both at 25® C. and at 60® C. By using the 
values of and v (the charge and the calculated mobility of the Fast 
Orange anion in the presence of sodium chloride) quoted in Table X, 
the term n_E, which shows the contribution of the potential gradient to 
the observed diffusion, has been tentatively evaluated by substitution 
in the appropriate expression in equation (9). The results, for a sodium 
chloride concentration of 2*0 g. per litre, are : — 


Temp. (°C.) . 

25 

60 

Salt-dye ratio 

1 

520 

260 

130 

52 

520 

260 

130 

52 

n^E . • . 

1 

0*03 

1 1 

0‘07 

1 

o-i8 

1 

0*52 

i 

0-007 

o-oi6 

1 

0*04 

0-14 


It is evident that except at the highest salt-dye ratios at 60° C., the electro- 
lyte is not present in sufficient concentration to cause the effect of the 
potential gradient to be negligible. 

At dye concentrations 0*2 to i-o g, per litre the highest sodium chloride 
concentrations used could not be appreciably exceeded without floccula- 
tion of the dye occurring, and therefore these results alone are not sufficient 
evidence that the degree of aggregation of the dye increases with the sodium 
chloride concentration at constant dye concentration. This possibility 
does, however, exist and receives strong support from a comparison 
of these minimum aggregation numbers in sodium chloride solution with 
those deduced for pure dye solutions by a conductance method. Although 
the aggregation numbers given are minimum values the corrections that 
would have to be applied to obtain the true values increase as the salt-dye ‘ 
ratio decreases, and the results therefore show that the aggregation of 
the dye increases with increasing dye concentration when the salt con- 
centration is maintained constant. 

The results at both temperatures are more strictly comparable when 
the diffusion coefficients are plotted against the salt-dye ratio, as in Figs. 

8 and 9. From these figures it is seen that at 25° C. and 60® C. the 
diffusion coefficient decreases with increasing dye concentration for all 
fixed dye-salt ratios. Although' these ratios are not sufficiently high to 
eliminate the effect of the potential gradient,, equation (9) shows that 
when the salt-dye ratio is constant the observed diffusion coefficient is 
independent of the dye concentration unless the mobility or the aggregation 
of the dye anion also changes. Now a change in the mobility of the dye 
anion can be due either to interionic effects or to a change in the degree 
of aggregation. It is extremely improbable that the relatively large 
decrease in the diffusion coefficient observed with increasing dye con- 
centration can be attributed entirely to interionic effects, and hence the 
results lead to the conclusion that at 25° and 60° C, the aggregation of 
the dye increases with increasing dye concentration when the salt-dye 
ratio is maintained constant. 

If the diffusion coefficient of Chrysophenine at 25® and 40^ C. is plotted 
against the corresponding salt-dye ratio the curves for the different dye 
concentrations are almost identical, showing that the degree of aggregation 
is practically independent of the dye concentration. 

(d) A Comparison of the Effects of Different Electrolytes. 

According to the simple theory of diffusion exemplified by equation (o) 
the relative reduction in the diffusion coefficient of the dye anion on uni- 
form addition of a foreign electrolyte depends on the concentrations of 
the electrolyte and the dye, on the charge of the dye anion, and to a slight 
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extent on the equivalent conductance of the electrolyte. Thus for fixed 
equivalent concentrations of electrolyte and dye the effect should be almost 
the same for different strong electrolytes, and in particular should not 
depend on the particular ions composing the electrolyte or on their valency 
unless they exert a specific influence on the aggregation of the dye anions. 
This was investigated experimentally with Direct Fast Orange SE at 6o° C,, 
sodium sulphate, sodium carbonate, potassium chloride, and magnesium 



Fig. 8. — Direct Fast Orange SE in sodium chloride solution at 25'-'' C. 



Fig. 9. — Direct Fast Orange SE in sodium chloride solution at 60” C. 


chloride being used in turn in place of sodium chloride ; the results are 
given in Table IX. 

The difiusion coefficients measured in the presence of sodium chloride 
and sodium sulphate have been corrected, as already described, for the 
effect of evaporation from the external solution in the earlier type of 
apparatus. 

These results show that sodium chloride, sodium sulphate, sodium 
carbonate, and potassium chloride have practically the same effect on 
the diffusion of the anion of Direct Fast Orange SE, while the effect of 
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magnesium chloride in decreasing the diffusion coefficient is greater. 
Only low concentrations of magnesium chloride can be used without 
flocculating the dye, and an additional comparison of the effects of this 
electrolyte and of sodium chloride was therefore made at a lower dye 
concentration in order to increase the salt-dye ratio. The experiments 
were again made at 6o° C. ; the electrolyte concentration was 0-00034 
equivalent per litre and the dye concentration 0*2 g. . per litre, The 
mean diffusivities of the dye anions were found to be : in the presence of 
sodium chloride, 8-i x io-« cm.^ per sec., and in the presence of mag- 
nesium chloride 6*o x 10-® cm. 2 per sec., so that even under these con- 
ditions magnesium chloride has a greater effect than sodium chloride. 


TABLE IX. — ^Mean Diffusivities of Direct Fast Orange SE (Internal 
Concentration 0-5 g. per litre) in Solutions containing Uniform 
Concentrations of Various Electrolytes. 


Electrolyte 
concn. (g. 
equivalent 
per litre). 

Mean diffusivity (cra.^ per sec.) X lo®. 

NaCl. 

Na2S04. 

NajjCOg. 

KCl. 

MgCla- 

0*00034 

9-67 (i) 

979 (2) 

9-69, 9*49, 
9*45. 9*30 (3c) 
Mean 9-48 

— 

7-24 (2c) ; 
7-65, 7-48 
7-00 (3«) 

Mean 7*34 

0*00171 

6*20 (2) 

6-38 (i) 

6*47, 6-09, 
6-31. 6-37 (3c) 
Mean 6-31 

<5-36, 6-57, 
<5*43» <^*53 (3c) 
Mean 6-47 1 

— 

0*00855 

4-42 (l) 

4'58 (2) 

4-6o, 4-63 (3c) 

1 Mean 4*62 

4*60, 4-60, 
4-60, 4-58 (3c) 
Mean 4-60 

— 

0-0171 

3-93 (2) 

4-28 (r) 

4-27. 4-37. 
4*30 (3c) 
Mean 4-31 

4-26, 4-28, 
4-II (3c) 
Mean 4*22 

— 

0-0342 

3-56 (i) : 
3-39 (2) : 
3-63 (3) : 
3-34> 376 
376 (3c) 
Mean 3-60 

3-92 (2) 

3-67, 3*7^ 
3*75i 3*66 (3c) 
Mean 3-70 

3'6 i, 378. 

3-63, 372. 
3-68 isc) 
Mean 3*68 



Finally, an experiment was made with Chrysophenine, at a temperature 
of 60° C., a dye concentration of 0*2 g. per litre, and an electrolyte con- 
centration of 0*0000855 g. equivalent per litre. Again magnesium chloride 
had. a greater depressive effect, the values of the mean diffusivity being : 
sodium chloride, 11*3 x io”« cm.® per sec., magnesium chloride, ro-oxio-® 
cm.® per sec. 

These results are obviously too scanty to permit any discussion of 
the cause of this difference, and the most that can be said is that there 
is a suggestion that a salt containing bivalent cations such as magnesium 
reduces the diffusion coef&cient more than an equivalent concentration 
of a salt containing only univalent cations, such as the other four examined ; 
this has also been observed by Gar vie ^th Chlorazol Fast Red K. It 
should be noted that in none of the comparisons made with magnesium 
chloride was the salt-dye ratio sufficiently high to allow the measured 
diffusion coefficient to approximate to the independent value for the dye 
anion, and hence the data cannot be used to compare the degree of aggre- 
gation of the dye in magnesium chloride with that in sodium chloride. 
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It is evident from Table IX that the other electrolytes used — sodium 
chloride, sodium sulphate, sodium carbonate, and potassium chloride- 
have approximately the same effect on the dilfusion coeiiicient of Direct 
Fast Orange SE, and hence, since the observations extend to high electro- 
lyte concentrations, on its degree of aggregation. This is of some technical 
importaiice in view of the "solubilising^' infiuence often attributed to 
alkaline salts such as sodium carbonate, and it may be that any such 
influence is exerted more by effecting the X‘emoval of Ixivalent ions present 
in tlie water than by any specific eilect of the salt itself. 

(e) The Application of the Mobility Equation. " 

When the dye diffuses in the presence of excess sodium chloride the 
diffusion coefficient D of the dye anion is related to its mobility v by the 
equation 



This equation enables the mobility v to be calculated from the known 
values of the diEusion coefficient and the aggregation number provided 
that no sodium ions are included in the anionic micelle. Yalko “ has 
found that the value so calculated for Benzopurpurine 4B is nearly twice 
the measured mobility of the dye anion in solutions free from any added 
electrolyte. Hartley has suggested that this discrepancy can be at- 
tributed to a greater aggregation of the dye in the presence of sodium 
chloiide than in its absence ; this appears to be the most likely explana- 
tion, ’ although the difierence could be explained by the assumption that 
the anionic micelle contains an appreciable fraction of included sodium 
ions. 

The application of equation (10) to the data for Chrysophenine and 
Direct Fast Orange SE leads to the results presented in Table X. In this 


TABLE X. — ^Mobilities of Chrysophenine and Direct Fast Orange SE. 


Dye. 

Temp. 

(°c.) 

Salt-Dye 

ratio. 

(Stokes- 

Emstoiu), 

1 ^ 

(ealculatcd). 

V 

(measured) , 

Chrysophenine 

25 

15-IIO 

47 

51 

37 


40 

30-110 

4-1 

G4 

47 


60 

11 (>-580 

4-5 

96 

62 


yo 

Ht)0 

4-9 

149 

84 

Direct Fast Orange 

25 

520 

46*8 

229 

47 

SE , 


260 

5 I »2 

243 

47 



130 

04-1 

282 

47 


60 


1 1*0 

1G6 

78 



2 Go 

12*2 

177 

78 



130 

13*6 ' 

210 

78 


table the values of the charge n„ are obtained, on the assumption that 
= 2G, from the aggregation numbers G given in Tables VI and VIII. 
The minimum aggregation numbers, based on p = i, are used so that the 
values of v for the dye anion in solutions containing sodium chloride 
(calculated from by means of equation (10)) are in this respect minimum 
values. The measured values of v are from the conductance of pure 
dye solutions.^ For Direct Fast Orange at the lower salt-dye ratios the 
potential gradient is not completely eliminated, but it can be shown that 
under these conditions the calculated values of the mobility are minimum 
values, FI ere, also, therefore, there is a large discrepancy between the 
calculated and the measured values. 
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The experimental values of the mobility v were obtained by sub- 
tracting the limiting equivalent conductance of sodium ion from that of 
the pure dye, and are therefore based on the assumption that no sodium 
ions are included in the anionic micelle. The values are the mobilities 
of anionic micelles of the same degree of aggregation as those present 
in solutions of the pure dye, and are lower than the calculated values^ 
especially for Direct Fast Orange. The difference may be due either to 
a higher degree of aggregation in the presence of sodium chloride than in 
its absence, or to the fact that sodium ions are included in the micelle ; 
no allowance is made for the latter possibility in obtaining the calculated 
values. The inclusion of sodium ions in the micelle would not only affect 
the value of the mobility determined from conductivity data but would 
also change the value of the micellar charge deduced from the aggregation 
number. Calculation shows that in order to reconcile the values obtaiaied 
at 25° C. for Direct Fast Orange it would be necessary to assume that 
some 45 % of the sodium ions in the .system are included in the anionic 
micelles ; at 60° C. the difference is smaller, and it could be accounted 
for by the inclusion in the anionic micelles of 23 % of those present in the 
system. While the latter is perhaps a possible value for such inclusion, 
the former is very high — considerably higher than those found by Robinson 
and Moilliet for Benzopurpurine 4B — and it is therefore probable that 
the difference between the two values of the mobility of the anion of 
Direct Fast Orange SE at 25° C. does in fact arise from an increased 
Q-ggregation in the presence of sodium chloride. 

British Cotton Research Industry Assocn,^ 

Shirley Institute, Didshury, Manchester. 
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i. Introduction and Summary. 

Tlie degree of aggregation of direct dyes In the presence of an excess 
of an inoi'ganic electrolyte can be readily dctcnniued from diffusion 
measurements by means of the Stokes-Einstein equation, l:Hit the diil'usion 
coefficient of a pure dye depends upon the mobilities of the dye anion 
and cation, and this equation cannot therefore be used to deterinine the 
degree of aggregation of a dye in the absence of another electrolyte^ 
A second possibility is to use the Nernst-Haskell ^ equation : 



TO'"’^ 


71.^) 'll -f V 


to determine the anionic charge from the diffusion coefficient D and 
the ionic mobilities ti and v ; the value of the charge of course gives fhe 
degree of aggregation provided that no cations are included in the micelle. 
Nevertheless the diffusion coefficient of a pure dye is relatively iiisensitivt? ” 
to changes in the value of the anionic charge, particularly when the lattiM* 
is large, and the form of this equation is coiTespoiidingly such that snmll 
errors in the values of the diffusion coefficient and of the mol.)ilities can 
introduce . relatively large errors in the calculated values of the cluiry;e 
of the anionic dye micelle. As a result iricasuremeiits of elcctrolylic 
conductance provide the most satisfactory method (jf detenniiiing the 
aggregation number of a pure dye, in spite of the fact that the values so 
obtained are only approximaite owing to the luicertaiiity of tlie interioiiic 
effects and the jpossibility that cations may be included in the niiionic 
micelle. 

The present paper deals with the conductance of three dyes : 


Chyysophenine G (Colour Index 3G5) 
NaO,S 



f' N=:-N--/ 

V* ( )C, 1 (,, 

II 

\ / 



. (KMl, 


NaOab 


Direct Fast Oranfie SE (Colour Irulc': yzfy ; and Si-h<^dler '*) 

IT ii: 
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The aggregation numbers were calculated Ii'oin the conductance data 
by a method resembling that used by Robinson and Garrett/ hut chflcring 
from it in some particulars ; the results obtained show that none of those 
dyes can be considerably aggregated in aqueous solution free from any 
other electrolyte unless their micelles contain a kirge proportion of cations. 

2. Experimental Method. 

The conductances of the dye solutions were measured by means of a 
Wheatstone Bridge fitted with a modified form of the Wagner earth as 
described by Taylor and Acree ; « Fig. i shows the wiring diagram of the 
circuit used. A valve "oscillator O of frequency adjustable in the range 
(350 to 1900 cycles per second is the source of alternating current and 
Ri and Rg comprise the two arms of the metre bridge. The variable 
resistance R3 is nondnd actively wound and R.j is the conductivity cell. 
The two variable resistances R5 
and Rs are in parallel with the 
metre bridge and their junction E 
is earthed. A pair of 2,000 ohm 
ear-phones T are used as the current 
detector, and by means of the switch 
S can be connected across either 
CD or CE. 

Three conductivity cells made 
of resistance glass and fitted with 
platinised electrodes were used. 

Their cell constants, determined at 
20*^ C. with standard solutions of 
potassium chloride whose conduc- 
tances were obtained from tlie 
data of Parker and Parker, ’ were 
0*362, 0*1569 and 0*0421:, and their 
use permitted the determination 
of conductances over a fairly wide 
concentration range. No attenq^t 
was made to prepare specially pure 
conductivity water for this work, 
ordinary distilled water being used. 

This water had a specific conduc- 
tance of about 2x10-8 reciprocal ohms at 20“ C., but the conductance ol 
the water was measured at each temperature at which the dye solutions 
were examined, and the value for water was subtracted from that for the 
dye solution. 

In making a determination the bridge is first balanced witii the ear- 
phones across DC, R^ being adjusted so that the bahince point is n(‘a,r 
the middle of the metre bridge. By means of the switch S the ear-])h()n(^s 
are then connected across CE and R^ and R^ adjusted to reduce the souml 
in the ear-phones to a minimum. The ear-phones are then reconnected 
across CD, and and R^ ai'e readjusted to give a .sharp luilance point. 
By means of such successive adjustments a well-defined final null point 
is obtained. 

3. Experimental Results and Discussion. 

The conductances of solutions of the three dyes were measured at dye 
concentrations covering the range 0*05 to 4*0 g.' per litre at temperatures 
of 20° to 98° C. for Chrysophenine, 20*" to 60° C. for Direct l<''ast Orange 
SE, and 20° C. only for Chlorazol Sky Blue Fl't 11 ie results are presented 
in Table I and plotted in Figs. 2-4. 

The plot of the equivalent conductance against the scpian* root of tlie 
equivalent concentration is practically linca,r for all lliree dyc*s (^veept at 





Fig, I. 
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the lowest concentrations. In this region the results for Direct Fast Orange 
show a definite maximum at each temperature, those for Chiysophenine 
suggest the existence of such a maximum, while those for Chlorazol Sky 

TABLE I.—CoNDucTANCE or Solutions of Direct Dves.* 


*Dye concentration, g. per litre at 20° C. 


Dye. 

T. 


0*05. 

0*10. 

0-15. 

0*20. 

0*30. 

0*50. 

1*0. 

2*0, 

3-0. 

4-0. 


20 

Vc 

I*2II 

1711 


2-420 


3-835 

5-41 

7*65 

9-40 

10*83 



A 

72-8 

72*8 


75-5 


72*5 

70*4 

67-0 

64-3 

62*4 


30 

vr 

1-210 

1*710 


2*420 


3*830 

5-40 

7-65 

9-37 

10*82 



A 

89-4 

88*6 


91*6 


89-2 

88*1 

83*7 

80*0 

78*0 


40 

Vc 

1-209 

1-710 


2-418 


3*820 

5-40 

7*64 

9-35 

io*8i 



A 

106*2 

106-5 


110*3 


108*1 

106*0 

101*5 

97-3 

94*7 


50 

v : 

1-204 

1-708 


2-415 


3*8iq 

5-39 

7-63 

9-34 

io-8o 

Chrysophenine G 


A 

126 

128-7 


130-3 


126*9 

124*9 

119*8 

114-9 

II2-1 

(Equivalent weight 
340) 

6o 

V 7 

1-202 

1-700 


2-400 


3*8oo 

5*37 

7-60 

g-31 

10-77 


A 

148-7 

147-2 


151-9 


146 

144*4 

138*8 

133 

131 


yo 

V 7 

1-200 

1-697 


2-400 


3-795 

5*355 

7*59 

9*30 

10*71 



A 

166*8 

167-1 


171-3 


166 

162-9 

158*1 

151-1 

149-3 


80 

Vc 

1*196 

1*691 


2-395 


3-780 

5*35 

7*57 

9-25 

10*70 



A 

193-9 

193-1 


194*2 


i87*i 

184 

177*2 

171 

i68*8 


90 

VI 

1*191 

1*683 


2*380 


3-770 

5*325 

7-53 1 

9*24 

i 10-66 



A 

212*7 

217*6 


215*8 


2o6*8 

205 

197-1 ! 

190*5 

187*3 


98 

Vc 

1-188 

i*68o 


2*378 


3*760 1 

5-31 

7-52 

9*20 

10-62 



A 

237 

234 


236-3 


224 

221*8 

212 

2o6*5 

202-4 


20 

Vc 


1-626 

1-992 

3-299 

2*8i6 

3*636 

5-141 

7*274 

8*906 

10-29 



A 


83*8 

86-0 

85-6 

82-4 

76*7 

71-0 

63*8 

57-3 

54*2 


25 

Vc 


1*626 

1*991 

2-399 

2*815 

3-634 

5-139 

7*269 

8‘qp2 

10-29 

Direct Fast Orange SE 


A 


96*6 

98-0 

95-3 

92-0 

85*6 

8o-i 

71 -9 

,6s*i 

62*0 

(Equivalent weight 
378*2) ■. 

40 

Vc 


1-621 

1*986 

2*292 

2*8o8 

3*624 

5-128 

7-250 

8*879 

10-23 



A 


130 

130-8 

127-7 

123*3 

114*1 

109 

100 

91-5 

87*1 


60 

Vc 


I‘6i4 

1*977 

2*283 

2*796 

3-609 

5-103 

7*218 

8-840 

10*21 



A 


171 

177 

170 

166-8 

160 

149 

140 

131 

126-1 

Chlorazol Sky Blue FF 

20 

Vc 

1*42 

2-01 


2-84 


4-49 

6-35 

8*97 

7 - 7 St 


(Equivalent weight 
248*1) . 


A 

93'9 

95-0 


91*6 


86-9 

80-9 

74-4 

77*5t 



c is (square root of equivalent concentration) X 10^. A is equivalent conductance, 
t Dye concentration, 1*50 g. per litre at 20° C. 


Blue FF are too scanty to provide any evidence one way or the other. 
Robinson and Garrett ^ have found such maxima for Congo Red and meta- 
Benzopurpurine, and have pointed out that the existence of a maximum 
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is definite evidence that at low concentrations the degree of aggregation 

of the dye increases with increasing concentration. 

Robinson and Garrett have also shown that providing the fraction 
of cations included in the anionic micelle is known the aggregation number 



Fig. 2. — Chrysophenine G in water at various temperatures. Variation of 
equivalent conductance with concentration. 

of the micelle can be calculated from the equivalent conductance of the 
micelle and that of a single dye anion. The_ latter they determined by 
extrapolating from the maximum of the A-^ c curve downwards to inhiiite 
dilution, but at best this extrapolation can only be approximate, and more- 



Fig. 3. — Fast Orange SE in water at various temperatures. Variation of ■ 
equivalent conductance with concentration. 

over demands accurate measurement of the conductances of extremely 
dilute solutions. In the present paper it has been preferred to calculate 
the equivalent conductance of a single anion by applying Stokes' Law. 
This also is only approximate, but since Stokes' Law has been used to 
calculate from the diffusion coefficient the degree of aggregation of the 
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dye anion in the presence of excess electrolyte ® its use here should provide 
comparable values of the aggregation number of the dye in the absence 
of such electrolyte. 

Since the anionic micelles may contain cations A only a fraction / of 
the sodium ions present in the solution move towards the cathode in the 
conduction of electricity. Thus the equivalent conductance A of the 
dye is ^ f(um + ^q) where and are the equivalent conductances 
of the sodium ion and of the anionic micelle respectively. Hence the 
equivalent conductance of the anionic micelle is given by the equation 

= (^//) - . . . . (l) 

Now let the dye anions, each of valency n, aggregate in solution to give 
micelles each containing G anions ; a fraction (i — /) of the sodium ions 


Fig. 4. — Chlora- 
zol Shy Blue FF 
in water at 20” C. 
Variation of equi- 
valent conductance 
with concentration. 


'""0 123456789 10 

lOOyEQUI VALENT CONCENTRATION. 

will be included in these micelles. Thus the mean micellar charge is 
/ FnGIN coulombs, where F is the Faraday (in coulombs) and N is 
Avogadro's number. Let the velocity of a micelle moving under a poten- 
tial gradient of i volt per cm. be V cm. per sec. Then assuming the micelles 
to be spheres of radius r, we have on equating the frictional resistance 
given by Stokes' Law to the driving force in dynes : 

F 

drcqvV — fjj-nG . 10’ . . . , (2) 

where rj is the viscosity of the solvent. But 



Hence 

J72 

= f-^nG . 10^ . . . . (4) 

If M is the .molecular weight of the dye anion and p is the micellar 
density, then the aggregation number G is given by the equation 

^ • • • • (5) 

Eliminating f from equations (4) and (5) and substituting for Ug from 
equation (i) we obtain 
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If no sodium ions are included in the anionic micelles this reduces to 

G = o-8520^g)V-«^af . . . (7) 

For Chrysophenine G and Direct Fast Orange SE the value taken for 
the micellar density p is the reciprocal of the partial specific volume of 
the whole dye in solution. « The true value, which cannot at present 
be determined, is considered to be less than lo % below this value. The 
densities taken (in g. per c.c.) are 

Chrysophenine G . 1*50 

Direct Fast Orange SE i*66 

It is assumed, after Valko,^ that p = 1*5 for Chlorazol Sky Blue FF. 

The equivalent conductance Vq of the anionic micelle varies with 
concentration, in part because of interionic effects. Robinson and Garrett ® 
use values of Vq for finite concentrations, so obtaining values of the aggrega- 
tion number that will be minimum values on account of the interionic 
effects. By a series of approximations they then correct for the interionic 
effects by applying Onsager's equation, so obtaining maximum values 
for the aggregation numbers. This method is also applicable to equations 
(6) and (7), but since these equations are only approximate a simpler 
method of determining was preferred. The A-Vc curve is almost linear 
over the higher range of concentration, and it was therefore assumed as 
a first approximation that over this range the aggregation number G 
and the fraction of free sodium / do not alter appreciably with concentra- 
tion. Thus by extrapolating this linear part of the curve to infinite 
dilution a value Aq of the equivalent conductance is obtained which is 
approximately equal to that of dye of the same degree of aggregation as 
exists in the more concentrated solutions, but free from the interionic 
effects operating there. The values of .do so obtained together with the 
corresponding limiting equivalent conductances of the sodium ion have 
been used in the application of equation (6) to the three dyes whose 
investigation is described in the present paper. 

The calculated value of G depends fairly critically upon the fraction 
f of free sodium in the solution. The values of / for the three dyes under 
discussion are not Icnown, and the calculation of such values from con- 
ductance and transport-number data is not exact.® Arbitrary values 
of i-o, 0*95, o-go and 0*85 have therefore been taken, corresponding to 
the range of values found by Robinson and Moilliet ® for meta-Ben zo- 
purp urine and Benzopurpurine 4B at concentrations up to ceiitinormal. 
The values of G calculated from equation (6) with these arbitrary values 
of / are given in Table II, with, for comparison, the aggregation numbers 
of the dyes in the presence of sodium chloride as deduced from diffusion 
data. Since for Direct Fast Orange SE and Chlorazol Sky Blue FF the 
“ diffusion " values of G vary with both dye and sodium chloride concen- 
trations a representative range of values is given. Those for Chryso- 
phenine and Direct Fast Orange SE are taken from the previous paper 
of this series ; ® those for Sky Blue have been taken from the data of 
Valko.® 

The calculated values of G for Chrysophenine are of the same order 
as those found for the dye in the presence of sodium chloride, but for 
Direct Fast Orange and Sky Blue the calculated values for the pure dyes 
are much lower than those determined in the presence of sodium chloride. 
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All the calculated values increase as / decreases {i.e. as the assumed pro- 
portion of sodium ion in the micelle increases), and the two sets of values 
obtained for Direct Fast Orange and Sky Blue could be reconciled by 
assuming a sufficiently high value for the fraction of sodium ion combined 
in the micelle. Calculation shows, however, that for Direct Fast Orange 
at 25° C, it is necessary to assume that / is 0-55 (taking /> = i) or 0*44 
(taking p = i'66) if the dye is taken to be as highly aggregated in pure 
solution as it is in the presence of sodium chloride at the highest salt-dye 
ratio studied. This means that at least 45 % of the sodium ions present 
are included in the anionic micelle, an assumption that seems highly im- 
probable. Hence, although the calculated values of G may well be 

TABLE II. — Aggregation Numbers of Chrysophenine G, Direct Fast Orange SE, anu 
Cklorazol Sky Blue FF, 




Aggregation Number G of pure dye 
corresponding to various values of 

Aggregation 
Number of dye 
in presence of 

Dye. 

i Temp. 

the fraction of free sodium f. 


i {°c.) 





another electro- 


/=^ i-o. 

/=o- 95 . 

f^O’90. 

/=o* 85 . 

lyte (from 
diffusion data). 


Chrysophenine G . 

35* 

1-2 

1 1-5 

2*0 

2-6 

r 6 


40 

I'l 

1-4 

I'S 

2-3 

3*0 


60 

1-0 

1*3 

17 

2*2 

3*4 


90 

0-8 

i‘i 

i ‘5 


3*6 

Direct Fast Orange SE . 

25 

17 

2*2 

27 

3*5 

39-64 


40 

1*5 

2*0 

2‘5 

3‘3 



60 

1-4 

17 

2*2 

3*9 

9-17 

Chlorazol Sky Blue FF . 

20 

1*0 

l ‘3 

I‘6 

2*0 

7-33 (at 23“ C.) 


* The limiting equivalent conductance of Chrysophenine at 25“ C. is interpolated from those found 
from Table I, 


inaccurate, they show when compared with the values obtained from 
diffusion measurements that the three dyes are only slightly aggregated 
in pure solution although two of them. Direct Fast Orange SE and 
Chlorazol Sky Blue FF, are appreciably aggregated in the presence of 
sodium chloride ; the other, Chrysophenine, is only slightly aggregated 
even in the presence of salt. In this respect Direct Fast Orange and 
Chlorazol Sky Blue resemble Congo Red, Benzopurpurine 4B, and meta- 
Benzopurpurine, all of which Robinson and Garrett ® found to be fairly 
highly aggregated in the presence of salt, and only slightly aggregated in 
pure solution. 
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Latimer and Slansky ^ have obtained the standard entropy of solution 
of HCl and some alkali halides, in methanol-water mixtures by combining 
the heat of solution measurements of Slansky ^ with free energies of solu- 
tion obtained from solubility and activity coefficient data. We have 
obtained similar information for AgCl in methanol-water mixtures con- 
taining 10, 20 and 50 % methanol by weight. The activity product and 
its temperature coefficient have been measured by means of the cell devised 
by Owen ® for eliminating liquid junction potentials, and the thermo- 
dynamic properties of the solutions deduced by standard methods. 

Owen*s cell may be represented thus : — 

Ag/AgCl (s) / KCl xm / K’NO^m j AgNOg xm j AgCl(s)/Ag. 

/ KNO3 (i — x)m I I KNOs (i — x]m / 

The total ionic concentration (molal) in each of the three solutions making 
up the cell is 2.m, assuming complete dissociation, but of this a fraction 
is made up of chloride ions in the left-hand compartment and silver 
ions in the right. The E.M.F. is given by 

r 

E = k\og^-^±Bj . . . . (i) 

where k = RT /F loge 10, a'^^+ are the silver ion activities in the 

right- and left-hand compartments respectively, and is the sum of the 
liquid junction potentials. Introducing the activity product of silver 
chloride for the left-hand compartment, and replacing activities by the 
product of ionic concentrations and activity coefficients, this expression 
becomes 

E ~ 2k log m^-k log log . (2) 

%vhere K is the activity product of AgCl; and / is an activity coefficient. 
If X is varied at constant m, 

Lt [E - 2k log xm] ==- k log K Lt [k log . (3) 

a:-> 0 a;— > 0 

since E^ vanishes when x ^ o. For convenience in graphical treatment 
Owen adds the term 2k A Vm to each side of equation (3), A being the 
Debye-Huckel limiting slope for the particular solvent and temperature. 
Since this term is independent of x, equation (3) becomes 

Lt [E—^k log xm+2kA V m] — —k log Lt [k logf^ ^f'Jy-\-2kA Vm] 

JE — ^ 0 X — ^ 0 

(4) 

The function on the left of equation (4) is plotted against at, and the inter- 
cepts at = o are then plotted against m. Both plots are found to be 

1 Latimer and Slansky, J.A.C.S., 1940, 102, 2019. 

2 Slansky, ibid., 1940, 62, 2430. 

^ Owen, ibid., 1938, 60, 2229. 
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linear, and extrapolation of the second to m = o, where the activity 
coefficients are unity by definition, gives — A log A and hence K, the 
activity product. 

In this work sixteen cells have been measured in each solvent over 
a range of temperatures from 15*^ C. to 45^ C., the values of m and x being 
shown in Table I. 

TABLE I. 


= ^30 - — 30) 4 * h(t ~ 30)2 



x=^0’6. 

X ^ 0*4. 

a:=o-3 . 

X = 0 * 2 . 

10% -^30 

0-3961 

m = 0*05 

0-3744 

0-3589 

0-3380 

a X lo® 

1-058 

1-127 

1-189 

1*231 

h X io« 

1-6 

0-7 

47 

3*0 

20% £30 , 

0*4081 

0-3873 

0-3718 

0-3509 

a X 10® 

1-004 

1-046 

1*117 

I*i8i 

h X TO® 

3 'i 

— 0-6 

0-3 

i-i 

50% FgQ 

0-4503 

0-4290 

0-4139 ^ 

0-3928 

a X 10^ 

0-870 

0-883 

0-941 

1-015 

h X TO® 

0*9 

1-7 

3-1 

1-4 

50% -Eao 

0*4409 

m = 0*04 

0-4196 

0-4043 

' 0-3828 

a X TO® 

0-825 

0-901 

0-962 

i-oi8 

b X 10® 

i-g 

1 1-9 

4-0 

1 3*1 


m = 0*03 


10% £30 1 

0-3717 

0*3501 

0-3350 

0-3139 

X 10® 

1*094 

i-l6l 

1-222 

1-282 

5 X TO® 

0-7 

2-0 

2*3 

2-0 

20% Ego 

0-3841 

0-3626 

0*3479 

0-3264 

a X 10® 

1*051 

1-127 

1-184 

1*^45 

b X TO® 

0-9 

3-3 

1*0 

0-9 

50% £33 

0-4280 

0*4066 

0-3911 

0*3701 

a X TO® 

0-888 

0-936 

1*029 

i-o8i 

6 X 10® j 

i-o 

2-7 

3-6 

1*5 


m = 0*02 


M 

0 

0 

0-3528 ' 

0*3313 

0*3154 

0-2946 

a X 10^ 

1*159 

1-239 

1*269 

1*351 

h X 10® 

i-i 

0*86 

2-9 

2*4 

20% -^30 

0-3643 j 

0*3432 

0-3283 

0-3066 

a X 10® 

1-131 1 

1-226 

1*254 

1-326 

b X 10® 

3*0 1 

0-0 1 

1*3 

1-7 

50% £30 

0-4090 j 

0-3874 

0-3722 

0*3511 

a X 10® 

0*954 1 

1-030 

1-067 

1*136 

h X 10® 

2-1 1 

4-0 

4*7 

4-6 


in = 0*01 


10 % £30 

0-3183 1 

0-2969 

0 ' 28 i 9 

0*2605 

a X TO® 

1-280 

1*349 

1*377 

1-449 

b X 10® 

0*3 

1-6 

3*3 

3*3 

20% £80 

0-3301 

0-3091 1 

0-2942 

0*2727 

a X TO® 

1-232 

I- 3 I 3 ' 

1-366 

1-436 

b X 10® 

1-9 

0-4 

- 0-4 

2-6 


Experimental. 

All salts used were purified by two recrystallisations. Methanol was 
distilled, refiuxed over fresh quicklime, and the last traces of water removed 
by refluxing over magnesium activated by iodine, followed by a final 
distillation with careful exclusion of moisture. For solutions containing 
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silver nitrate, methanol was treated as recommended by Pearce and 
Mortimer , 4 the distillate after refluxing with quicklime was treated with 
silver nitrate crystals, and finally refluxed for eight hours. The mixed 
solvents were made up by weight, vacuum corrections being applied. 
Stock solutions were prepared from the appropriate salts and others 
prepared from them by weight dilution except in the case of those con- 
taining silver nitrate in 50 % methanol. These showed signs of decom- 
position after two days, and were always prepared immediately before use. 

Silver chloride electrodes were of the electrolytic type, treated as 
recommended by Smith and Taylor. ^ The cell was a modification of that 
used by Owen,® four electrodes being used for each set-up, and air being 
displaced by nitrogen. Each cell after assembly was allowed to stand 
overnight, and measurement begun at 15° C. next morning. When the 
E.M.F. had been steady at this temperature for an hour, the temperature 
I was slowly raised to 20° C. by running hot water into the thermostat as 
cold water was run but, the change taking about ten minutes. Equilibrium 
at the higher temperature was thus established rapidly, and the process 
repeated till 45° C. was reached. 

Results. — ^Table I records the results in compact form. The E.M.F.s 
for one cell, that is a given value of and w in a given solvent, have been 
expressed in terms of the E.M.F. at 30° C. and the constants of the quad- 
ratic Ei = £*30 — — 30) -b ^(1^ — 3 < 5 )^ « and b having been found by 

the method of least squares. From the measured E values, the function 
on the left of equation (4) was calculated for each cell, using ^=o*oooi9844r, 

and A = o-5o6^ - where A is the Debye-Huckel limiting 

slope for water at 25^ C. at which its dielectric constant is 78*54. The 
values of D for the various solvents were taken from the data of Akerlof, ® 
those at intermediate temperatures being found by interpolation. The 
plots of this function against a;, and those of the resulting intercepts at 
^ = o against m, were linear, as found by Owen ® in the solvent water, 
and values of ^ k log K, and hence — log K, were found as described 
above. The values of - log K in the three solvents were expressed as 
a function of the absolute temperature, the constants of the equation being 
obtained by the method of least squares. The equations are : 

10 % methanol . log £ = 6-1898 - 4163*3 /T - o-oo7559r . (5) 

20 % methanol . log if = 5-2375 -- 4o8o-8/r - o*oo5997r . (6) 

50 % methanol . log K == 13*500 — 5399/T — o-o2i6oT . (7) 

The agreement between the experimental values of — log K and those 
given by the equations is shown in Table II. 


TABLE II.— Activity Products or Silver Chloride. 



0/,. 

20 %. 

50 

%. 

c. 

-log A" 
Obs. 

-log A 
Eqa. 5. 

—log A 
Obs, 

- log A 
Eqn. 6, 

-log A 
Obs, 

- log A 
Eqn. 7. 

15 

20 

1 I 0‘44 

' 10-23 i 

10*44 

10-23 

10*65 ^ 

10*44 

10*65 

10*44 

1 11-48 

11*23 

11*46 

It*2^ 

2-5 

30 

lO-O'l 

9-83 ' 

10-02 

9-84 

1 10*24 

10*04 

10*25 
! 10*04 

1 11*05 
10*86 

11*05 

10*86 

35 

9-65 

9*65 

9‘S6 

9-86 

10*68 

10*68 

40 

45 

9*47 

9-30 

9*47 

9-30 

9*68 

9-50 

9*68 

9*50 

10*51 

10*34 

^ 10-51 

10*34 


diner, igib, 40, 509. 

6 4?^*^ Sid .. ig . S , 30, S37 

'Akerlof, J. 4 .C.S., 1932, 54, 4125, 
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The molal and molar solubilities of silver chloride were found as follows 
from the values of K. 

Since I< = n 2 Ag+»wcr • /Ag+/cr, _ 

and the molal solubility nio == log K — log — 2 A V Cq, 

assuming that the saturated solutions of silver chloride are sufficiently 
dilute for the activity coefficients to be given by the Debye-Huckel formula, 
_ log / = X Vc’o, where Cq is the solubility on the molar scale. In these 
dilute solutions C^ — where d^ can be taken as the density of the 
solvent. The densities are given by Harned and Thomas ’for 10 % and 
20 % methanol-water mixtures, and for the 50 % solvent they were 
measured, being given by = 0*9055 -f 0*000996 [t — 30) over the 
temperature range studied. The equation log mo = ^-logi? 4- 
was then solved by successive approximations, assuming first that 
log mo = i- log K. The molar solubilities Co were then found from 
Co = m olio- The results are given in Table III. 

TABLE III. — SoLUBiLiTV of Silver Chloride. 



10 %. 

20 %. 

50 %. 


IHq X 10'^. 

Co X IQ®. 

J«0 X IQ®. 

Co X 10®. 

Wo X 10®. 

CftX 10®. 

15 

0*604 

0*593 

0’475 

0*460 

0*182 

0*167 

20 

0*770 

0756 

0 * 599 . 

0*579 

0*243 

0*223 

^^5 ' 

0*970 

0*951 

0-752 

0*725 

0*279 

0*273 

30 , 

1*217 

1-191 

0*953 

0*917 

0*373 

0-338 

35 

1*502 

1-467 

i*i8o i 

1*133 

0*459 

0-413 

40 

1*849 

i*8or 

1-452 

1*390 

o* 55 S 

0*500 

45 

2*250 

2*187 

1-778 

1*716 

1 

0*680 

0*605 


. From the values of log K at a series of temperatures, thermodynamic 
data for the process AgCl (s) Ag+(solv.) -f- CT (solv.) can be determined. 
Since — AG® = 2*3026 RT log Ky where AG® is the standard free energy 

TABLE IV. 


Reaction AgCl (s) ^ Ag+ (solv.) -[- CT (solv.). 


Solvent. 

15“ C. 

30® C. 

35° c. 

30° c. 

35 ** C. 1 

40° C, 

45 ° C. 

W% 

20% 

50% 

13.770 

14,040 

15.105 

13,720 

14,000 

15,085 

AG° 

1 13,670 
13,960 

1 A070 

' (calc.). 

13.650 

13.920 

15,060 

13,610 

13,880 

15,050 

13.560 

1 13.850 

1 15.050 

13,550 

13,820 

15,050 


AiT° (cal. per mol.). 


16,180 

16,080 

15,980 

15,880 

15,770 

15,660 

16,390 

16,310 

16,230 

16,130 

10,040 

15,950 

16,490 

16,200 

1 15,910 

15,620 ' 

15,325 

15,010 


15,550 

15,860 

14,700 


(cal. per degree per mol.). 


i°% 1 

8*36 

8*05 1 

7-74 

7-36 

7-01 j 

6*71 

6*29 

20% 

8*15 

7*88 1 

7*61 

7*31 

6*99 ! 

- 6*71 

6*41 

50% 

4*8i 

3*82 

2*85 

1*86 

0*87 1 

—0*12 

-1*10 


’Hamed and Thomas, J.A.C.S., 1935, 57, 1666. 
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change for the reaction, equations for AG® as a function of T may be 
obtained from equations (5), (6) and (7). From A 5 ® — d/dr(— AG®) 
and AH® = AG® -f TAG®, the standard entropy and heat content changes 
may be obtained. Such data are listed in Table IV. These results will 
be discussed in a succeeding paper. 

Summary. 

1. The activity product of silver chloride has been obtained from 
E.M.F. measurements in three mixtures of methanol and water, over a 
range of temperatures. 

2. The solubility of silver chloride in each solvent has been obtained. 

3. Thermodynamic quantities have been calculated for the process, 
AgCl (s) Ag+ (solv.) -f CF (solv.) 

Canterbury University College, 

Christchurch, New Zealand, 


THE ENERGY AND ENTROPY OF SOLUTION OF 
SILVER CHLORIDE IN METHANOL- WATER 
MIXTURES. PART II. 

By H. N. Parton and D. D. Perrin. 

Received 6th July, 1944. 

In continuation of the work described in the previous communication, ^ 
the activity product of silver chloride has been determined in a mixture 
of methanol and water containing 75 % by weight of methanol. The 
method was as previously described. Particular care was required in the 
purification of the methanol, which boiled at 64-4° 0-05^ C., and gave 

no reaction with Nessler's reagent and a very slight positive test for 
ketones by the method used by Hartley and Raikes.^ Stock solutions 
were o-o^m, and dilutions were made by means of the equation 
~ — i)(i — y), where x is the number of grams of solvent which 

must be added to i gram of solution to give a solution i fn times as strong, 
there being y grams of salt per gram of solvent. This equation is correct 
to 0*005 % lor “this work. A faint brown precipitate was observed in the 
stock solution containing silver nitrate after some weeks, but analysis 
showed it to weigh less than a milligram, and no further decomposition 
took place after filtering. The error will be less than that resulting from 
the preparation of smaller amounts of solution for each cell immediately 
before use. The cell and electrodes were as previously described, except 
that in the latter part of the work, the silver chloride electrodes were 
prepared as suggested by Hornibrook, Janz and Gordon,® reducing the 
time necessary for ageing. Dissolved air did not affect the potentials, 
as noted by Smith and Taylor ^ for aqueous solutions, and the use of 
nitrogen, adopted in the previous work, was eliminated. 

The E.M.F.s of the cells are recorded in Table I. The functions 
used in the graphical determination of K were calculated as in the per- 
ceding paper, the dielectric constant of the solvent being obtained by 
interpolation from AkerloTs data,^ and the density being determined by 

^ Previous paper. 

® Hartley and Raikes, J.C.S., 1925, 127, 524. 

® Hornibrook, Janz and Gordon. J.A.C.S., 1942, 64, 513. 

4 Smith and Taylor, U.S. Bur. of Stds., J. Res., 20, 8^7 

® Akerlof, J.A.C.S., 1932. 54 , 4125. ^ 57 
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TABLE I. 


IS’’. 

20*^. 

. 25^ 

30®. 

35°. 



m — 0*05. 

X = 0*6 

0*5047 

0*5017 

0*4990 

X = 0*4 

0-4884 

0*4813 

0-4782 

= 0*3 

0*4702 

0*4668 

0-4634 

X = 0-2 

0*4496 

0*4462 

0*4425 

X = 0*1 

0*4151 

0*4111 

0*4068 

m = 0*04. 

X = 0*6 

0*4961 

0*4928 

0-4896 

X = 0*4 

0-4758 

0*4723 

0*4689 

X ^ 0*3 

0*4612 

0*4574 

0*4540 

X = 0*2 

0*4410 

0*4371 

0*4333 

X = 0*1 

0*4062 

0*4017 

0*3976 

m = 0*03. 

X = 0*6 

0*4840 

0*4812 

0*4779 

X = 0*4 

0*4641 

0*4605 

0*4571 

= 0*3 

0*4491 

0*4460 

0*4421 

X = 0*2 

0*4293 

0*4254 

0-4213 

X = 0*1 

0*3946 

0*3903 

0*3858 

m = 0*02. 

X = 0*6 

0*4668 

0*4638 

0*4607 

X = 0*4 

0*4469 

0*4432 

0*4396 

= 0*3 

0*4323 

0*4283 

0*4249 

X = 0*2 

0*4121 

0*4080 

0*4045 

X = 0*1 

0*3777 

0*3731 

0*3684 


0-4965 

0*4940 

0*4913 

0*4881 

0-4752 

0*4718 

0*4685 

0*4647 

0-4598 

0-4558 

0*4524 

0-4487 

0-4386 

0*4343 

0*4301 

0*4254 

0*4021 

0*3972 

0-3923 

0-3869 

0*4871 

0*4841 

0*4816 

0-4784 

0-4657 

0-4623 

0*4590 

0*4556 

0-4505 

0*4466 

0*4427 

0*4385 

0-4293 

0*4251 

0-4207 

0*4163 

0-3930 

0*3878 

0*3829 

0*3775 

0-4749 

0*4718 

0-4688 

0-4656 

0-4536 

0*4499 

0*4464 

0*4423 

0-4383 

0*4345 

0*4303 

0*4260 

0-4171 

0*4127 

0*4081 

0*4038 

0*3808 

0*3756 

0*3704 

0*3651 

0*4573 

0*4540 

0*4504 

0*4467 

0-4358 

0*4321 

0-4283 

0*4244 

0-4208 

0*4167 

0*4124 

0*4081 

0*3997 

0*3953 

0-3905 

0*3856 

0-3632 

0*3581 

0-3527 

0*3474 


the pyknometer method. The density of 75 % methanol is given by 
d = 0-8507 — o-ooo8i6 [t — 30). The solubility of AgCl was obtained 
as before. Table II gives the derived data, and shows the agreement 

TABLE IL 


C. 1 

— log -fiCotja. 

— log i^calc. 

Mq X io«. 

Co X 10“. 

15° 

12-309 

12*308 

0*702 

o-6o6 

20° 

I 2 -I 2 j 

12*124 

0-870 

0-747 

25" 

ll- 94 a 

11*948 

1*072 

0-916 

30° 

11-765 

ii*76b 

1-315 

I-II 9 

35 ° 

il- 59 » 

ii* 59 o 

i*6ii 

1-365 

40° 

11-418 

11*418 

1-963 

1-654 

45 ° 

11-248 

11*249 

2-388 

2-00 0 


between — log K observed, and — log K calculated by the equation 
— log K .~ 11*107 + 1720-6/T — o*oi6558r. 

From this equation the data of Table III for the process 
AgCl(s) Ag+ (solv.) -f Cr (solv.) 
have been calculated. 
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Solvation of the Gaseous Ions. 

The changes in energy and entropy for the process Ion (gaseous) *->• Ion 
(solvated) can now be readily obtained. The heat of solvation of the 
gaseous ions is given by Ai?°soiv. = — U where is the standard 

heat of solution of the solid salt, and U is the lattice energy of the salt. 
Mayer's ® value 205*7 for C/Agci has been used. 

The entropy of solvation is given by 

^soiv, — + *^01') (’^Ag+(g) + ’^cr(g) ~ -^ 0 )^ 

that is by the difference between the sum of the partial molal ionic entropies, 
and the sum of the entropies of the gaseous ions. The former sum is 
given by 

•^Ag+ + = AS® ’^AgCl 

where AS° is the standard entropy of solution, and S®AgCi is the molal 
entropy of the solid salt, 

taken as 22*97 E-U. from TABLE III. 

Latimer's ’ data. The 
standard entropies of the 
gaseous ions were found 
from the Sackur-Tetrode 
equation, being 39*34 
E.U. for Ag+ and 36*64 
E.U. for Cr. 

Sq is a correction 
term, being the entropy 
change due to compres- 
sion from the standard 
state for a gas, where 
I mol. occupies the gram 
molecular volume, to 

standard state in solution, of i mol per 1000 grams of solvent. This is 


AgCl (s) ^ Ag+ (solv.) -I-CT (solv. in 75 % methanol. 


c. 

C®. 


5 «, 

15 

16,195 

I 4 >i 30 

— 7-16 

20 

16,230 

14^350 

— 6*40 

^5 

16,260 

14^580 

“• 5*65 

30 

16,285 

14,800 

-4*89 

35 

16,310 

151 O 30 

- 4 ’i 3 

40 

16,330 

15^270 

” 3*38 

45 

16,340 

i 5 i 5 io 

— 2*62 


given by 5 c = R In 


24*46 


at 25° C., and varies from 6-36 E.U. for water 


’ Sp. vol 

to 6*04 E.U. for 75 % methanol. 

The free energy of solvation can be found from 

ACtboIv- — AJTaolv, — TASsolv, 

These thermodynamic quantities for AgCl in water (Owen ®) 10 %, 20 % 
and 50 % methanol (previous communication), and 75 % methanol (this 
paper) are recorded in Table IV in the columns marked " expt.” 


TABLE IV. 

Ag+(g) + cr(g) ^ Ag+ (solv.) -f cr (solv.). 
Values in Kilocalories, or Calories per Degree. 


% CH3OH. 


-AG\ 



- AH". 


0 

i8o*2 

218*7 

162*1 

I 90 -X 

164-4 

33*1 

10 

1797 

2i8-5 

162*0 j 

189-7 

164-4 

33-3 

20 

179-5 

2i8*3 

i 6 i *8 

189-5 

164-4 

33-5 

50 

178*2 

217*5 

i6i-3 

189*8 

164-3 

38-5 

75 

177-0 

216-3 

160-3 

191*1 

164-3 

47-1 


® Mayer, J. Chem. Physics, 1933 , I, 327 . 

’ Latimer, Oxidation Potentials, Prentice Hall, 1938 . 
® Owen, J,A.C,S,, 1938 , 60 , 2229 . 
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Discussion* 

The free energy of solvation of gaseous ions can be evaluated ap- 
proximately from Born^s ® equation for the reversible work necessary 
to take the ions, considered as charged spheres, out of the solvent regarded 

Ne^Z^ 

as a structureless dielectric medium, — A6^ = — mol. 

of ions of radius r and valence Z, The third column in Table IV gives 
the free energies AG' for AgCl calculated from tlris formula, using the 
crystal radii 1*26 for Ag+ and i*Si for CL. Modifications of these radii 
for use in solution have been suggested by Latimer, Pitzer and Slansky,i°' 
and also by Voet.^^ The former add 0*85 A. to the radii for cations, and 
oao A. for anions, to allow for the asymmetry of the water molecule. 
The fourth column of Table IV gives free energies AG" calculated with 
this modification. Voet obtained a similar correction of 0*65 a. for 
cations, which gives data 5 % larger than AG", and hence nearer the 
experimental figures. 

The heats of solvation according to Born's formula will be given by 

The values given by this formula, using the corrected radius of Latimer,. 
Pitzer and Slansky, are listed as AIT" in Table IV, Though considerably 
lower (less negative) than the experimental data, they agree in showing 
slight variation with solvent. This is also the case with the heats of 
solvation given for AgCI from the work of Eley and Evans ^2 on water, 
and Eley and Pepper 1® on methanol. These calculations, involving 
definite assumptions about the structure of the solvents, lead to 155 
Kxal. for — AH in water, and 154 in methanol. The former figure differs 
from that given by Eley and Evan's table, which was obtained using a 
radius of 1*13 a. (Goldschmidt) instead of 1*26 a. (Pauling) for Ag+. 

For salts of low solubility 5 , for which the activity coefficients of the 
saturated solutions are near unity, the Born equation requires that log S 
should vary linearly with ijD. Ricci and Davis, on the basis of the 
experimentally discovered constancy of the activity coefficients of satur- 
ated solutions in a series of solvents, give an equation 

log Sa = log Sj + 3 (log Da - log Dj) 

where S2 and Si are the solubilities of a given salt in two solvents of di- 
electric constant Da and Dj, respectively. For AgCl the plot of log S 
(on the molar scale, shown by Bell and Gatty to be the correct one) 
against i /D deviates largely from linearity. On the other hand the plot 
of log S and log D is linear, with a slope of 4*4, instead of 3 as required 
by the equation of Ricci and Davis, which derives from the Debye-Huckel 
theory. 

Summary. 

1. The activity product of AgCl in a 75 % methanol-water mixture 
has been measured over a temperature range, and the solubility derived. 

2. Thermodynamic quantities for the solution processes of tlie solid 
salt, and of the gaseous ions have been derived and compared with data 
calculated by some theoretical formulae. 

Canterbury University College, 

Christchurch, N,Z. 

® Bom, Z. Physik, 1920, i, 45. 

Latimer, Pitzer and Slensky, J. Chem. Physics, 1939, 7, loS. 

Voet, Trans. Faraday Soc., r936, 33, 1301. 

Eley and Evans, ibid., 1938, 34, 1093. 

Eley and Pepper, ibid., 1941, 37, 581. 

Ricci and Davis, J.A.C.S., 1940, 63, 407. 

Bell and Gatty, Phil. Mag., 1935, 19, 66, 



A METHOD FOR DETERMINING THE IN- 
STANTANEOUS HARDNESS OF PLASTIC 
SUBSTANCES. 

By a. Cameron. 

Received ist January, 1945. Communicated by Professor E. K. Rideal. 

la rheology the hardness, yield point or flow stress, are terms that are 
very often used, hut are extremely difficult to measure in absolute units. 
This is because the material under investigation usually flows slightly 
during measurement, and so the resultant value is therefore a composite 
figure containing in addition a function of the plasticity of the material. 
This same problem is one that is common in metallurgy and therefore a 
search was made to see if any of the methods proposed by metallurgists 
could be applied to rheology. An approximate calculation also had to 
be made to find the speed at which any determination had to be carried 
out. 

A concept was put forward by Maxwell in which he considered the 
rigidity and viscosity of a substance to be related by the '^relaxation- 
time '' of the material. Maxwell's relaxation time may be defined as 
the time taken by a stress applied to any system to fall to i je of its original 
value. The equation relating these quantities is : — 

n = 6rA 

where = viscosity (poises), G = rigidity (dynes /sq. cm.), A = relaxation 
tinie (seconds). Now it is clear that if any measurements are to be taken 
on a system they must be carried out at such a speed that the applied 
stress has had no time to relax, i.e. the measurements must be completed 
within the relaxation time of the material. The majority of methods 
usually employed on plastic substances, like greases, take an appreciable 
time to carry out. The result is that the material has flowed to a greater 
or lesser extent, and so viscosity effects complicate the interpretation of 
the results. ' A calculation of the Maxwell relaxation time of grease will 
be given later as an indication of the speed at which the determination 
must be done. 

A high speed method for finding the hardness of a material was put 
forward by Martel ^ in 1895 and a rather similar method by Edwards.® 
He found that if a pyramid of known mass is allowed to fall freely, point 
downwards from a given height, the striking energy divided by the volume 
of the indentation is constant under certain conditions. He therefore 
proposed the Martel Hardness Number H, defined as the energy in kilo- 
gram-millimeters required to displace unit volume of the material under 
test. These hardness numbers have the units of a stress, energy is 
ML^jT^ and volume is so energy /volume is M/LT^. It is interesting 
to know how this hardness is related to the flow pressure or yield stress 
of the material. 

It is not entirely clear from Martel’s paper what he considers as " unit 
volume ” ; apparently it is i cubic millimeter. Edwards took it to mean 
this and this would appear to give reasonable results. Now the values 
of the hardness as found by Martel are considerably larger than the yield 
stresses found in normal tensile testing measurements. This is not sur- 
prising as the speed at which the deformation was carried out was very 

^Martel, Comm, des Methodes d*Essai des Materiaux de Construction^ 1895, 
3 A, 261. ® Edwards, J. Inst, Metals, 191S, 20, 61. 

21 583 
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large. A recent paper by Manjoine ^ shows that the yield stress of mild 
steel can increase tenfold, at rates of strain of looo per second. The 
values of the hardness found by Martel are therefore of the same order 
as the values of the yield stress at high rates of strain. 

It is not possible to obtain any definite data from his figures on the 
exact relation between the hardness and the high speed yield stress. It 
would not seem unreasonable to suppose that they are related. 

In the case of greases these units are much too large and so the hard- 
ness will be expressed as gram-cm./c.c. displaced, i.e. g./cm.^. 

It is possible to obtain a guide to the speeds necessary to carry out 
the penetrations from Maxwell’s theory. The rigidity of any material 
can be obtained from E, the Young’s Modulus by the relation 

E 

Q — -where a = Poisson’s ratio, 

2(1 -{- a) 

which can be put equal to ^ in the case of greases, whence G ~ 
Young’s Modulus for a grease is taken equal to lo® dynes /sq, cm. and the 
viscosity at very small rates of shear between io» and lo® poises. The 
relaxation time is therefore between 3 and 3 x lO"® seconds. Now let 
the cone be dropped from a height of 30 cm. and its mass so ordered that 
it penetrates about i cm. into the grease. If we assume, for the purpose' 
of calculation, a constant retarding force on the! cone, it takes o*8 x lo--* 
seconds to come to rest. This shows that the method should give results 
that are largely unaffected by plastic creep, as the applied stresses will 
not have time to relax. 

There is one other point, which was raised in the discussion of Edward’s 
paper, and that is, where all the material goes during the impact. Now 
it will be shown in the experimental part that there is a secondary effect 
starting when the cone penetrates deeply. It is thought that this effect 
is in some way related to the disposal of the displaced material. 

The method was tried out on two greases to see if the hardness was 
constant when the mass of the cone, its angle, and the distance from 
which it was dropped were varied. A soda-grease of an Institute of 
Petroleum Technologists penetration number of 230 and a lime-grease 
of 85 penetration number were used. 

Experimental Method. 

Cones of 90° and 60® apex were made by bending up circular blanks 
of sheet tin-plate, suitable segments having been cut from them to give 
the requisite cone angle. A stalk of 1/8 inch brass rod, 18 ins. long, was 
soldered inside the cone and was marked with file marks at 5 cm. intervals 
from the apex of the cone. A glass tube, in which the brass rod could 
slide easily, was clan;iped vertically above the grease, whose hardness 
was to be measured, and the tube was furnished with a mark a known 
height above the surface of the grease. By means of the marks on the 
rod and the mark on the glass tube, the cone could be dropped from various 
heights into the grease. Lead weights were mad© which could be put into 
the cone. The normal weight of the cone and rod was 40 grams. 

The volume of penetration was found by measuring the distance x 
along the cone face that had been in contact with the grease. A pair 
of spring dividers were found very convenient for marking off the distance. 
It was sometimes seen that there was a thin band of grease on the cone 
a millimetre or two higher than the general level of grease in the con- 
tainer. This indicated that the striker had penetrated deeply and then 
had sprung out a little distance, due to the elasticity of the grease. The 
amount of penetration was calculated from the top of this band of grease 
and not from the general level, thus giving the “ total indentation ” and 

® Manjoine, J. Appl. MecK, A, 1944, ii 


, 211. 
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not recovered indentation/' ^ difference between the top of this 

band of grease and the general level was not much more than i or 2 mm. 
at the most. 

A diagrammatic sketch of the experimental set-up is shown in Fig. i. 

A trial cone was made of 120° solid angle, but 
it was not used as very small irregularities in the 
surface of the grease made very large differences 
in the measured value of x. 

Indentations were carried out by dropping the 
cone from heights from 5 up to 35 cm. above the 
grease surface, ” The container was moved so that 
the cone struck a fresh, unworked part of the 
grease surface at each impact. 

Extra weights were made from lead strip, 
giving striker masses of 85, 120 or 182 g. The 
40 g. measurements were on the whole rather 
unreliable. The explanation is either that the 
striker penetrated such a small distance that any 
inhomogenities of the grease gave variable results, 
and with the larger masses the greater penetration 
averaged out any local variations in the composi- 
tion, or else is due to some effect, not yet in- 
vestigated, that occurs with small masses. 

Experimental Results. 

The most significant result was that plotting 
total volume of grease displaced, against height 
of impact, gave straight lines, for each mass, 
within the experimental error. The heights varied 
between 5 and 35 cm. in 5 cm. steps. In one or Fig. i. 

two cases, the last point (corresponding to the 

greatest height), showed a slight falling off. This effect, which was not 
always observed, could probably he ascribed to the extra work required 
to remove a larger volume of grease, and it only occurs at deep penetrations. 

Results are listed for 
TABLE I. a soda grease (Table lA) 

of an I.P.T. Penetration 
Number of 230. Two 
cones were used, of 60° 
and 90° cone angle. The 
40 g. results were some- 
what variable (mean 

(A) Soda Grease. results being listed), and 

these are best neglected. 
It may be said then that 

282 instantaneous hard- 

292 ness of the grease, from 
an average of the other 

(B) Lime Soap Grease. figures, is 292 ± 10 

40 g. , . . 2460 1920 ^-/sq- cm. 

S5 g. . . . — 1780 Interesting results 

120 g. . . . — 17S0 were obtained with the 

1S2 g. . . . 2400 1780 lime soap grease 

(Table IB). This was 

quite a hard grease 

(I.P.T. Penetration 85). Considerable " piling-up " round the edge of the 
60° cone was noticed and this piled-up material actually moved away from 

^ O’Neill, T}ie Haydness of Metals and its Measurement, Chapman and Hall, 
London, 1934, PP- ^7 ff- 


40 g. • • • 323 

85 g. • • • 303 

120 g. . . . 296 

182 g. . . . 288 
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the cone and thus leads to a smaller apparent volume displaced. This is 
illustrated in Fig. 2, Piling-up is a well-known trouble in all methods 

of indentation hardness test- 
ing, ® and the cone angles must 
be chosen so that it does not 
occur. Edwards found a 
similar trouble with the 
metals he investigated. In 
the case of the lime grease 
we may take the hardness 
to be 1780 g./sq, cm. as no 
piling-up took place with the 
go° cone. In general the 90® 
cone would seem to give the 
best results with extra 
weights added to give a 
mass of 85 g. or more. 

Conclusions. 

It is seen that this method gives a convenient method of measuring 
the hardness of plastic substances, such as greases. It permits an in- 
stantaneous hardness value to be obtained, and thus obviates the 
disturbing influences of flow or creep which are encountered with con- 
ventional static methods. 



Summary. 

A modification of a method due to Martel is described that enables the 
instantaneous hardness of plastic substances to be measured. A weighted 
cone is dropped from various heights on to the surface of the plastic. 
The hardness is given by the energy of impact divided by the volume 
displaced, which has the dimensions of a stress. This is shown to be sub- 
stantially independent of the height of drop and weight of the cone. The 
chief advantage of the method is that the measurements are practically 
instantaneous, and so well within Maxwell's relaxation time. Errors due 
to the plastic flow of the system are therefore avoided. 

The author would like to thank Professor E. K. Rideal, F.R.S., and 
Mr. G. B. S. MacLellan, for very useful discussions during the progress of 
this work. 

Department of Colloid Science, 

The University, Cambridge. 

® O'Nem, op, cit., p. 22 f[. s 


A NULL-POINT DETECTOR FOR DIRECT AND 
ALTERNATING CURRENT AND ITS USE IN 
CONDUCTANCE AND E.M.F. MEASUREMENTS. 

By Kenneth R. Buck and Gilbert F. Smith. 

Received ‘yrd January, 1945. 

The type of instrument used to detect a balance point in an electrical 
circuit depends on whether direct or alternating current is used. In the 
one case the galvanometer and in the other case the telephone (or tele- 
phone and amplifier) is commonly used. It would obviously be an 
advantage to have a single instrument which, combining the functions 
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of both of these, will detect a balance point both with direct and alter- 
nating current. The present paper describes such an instrument, which 
employs as the detector the small cathode ray tube known as the magic 
eye It may be mentioned that, as used in this apparatus, the magic 
eye shows a brightly illuminated area on the fluorescent screen of the 
tube, this illuminated area being in the form of a cross. At the null-point 
the area of illumination is at a minimum and consequently the arms^ of 
the cross show a minimum width. The fluorescence is of sufficient in- 
tensity for the instrument to be used under all the conditions of illum- 
ination likely to be found in a laboratory. 

The use of circuits involving the magic eye as a null-point detector 
for A.C. is well established,^ and at least one commercial instrument makes 
use of it for this purpose ; but as far as the authors are aware it has not 
been used hitherto in D.C. null-point detectors. 

A full circuit diagram is given in the figure. This requires no detailed 
comment, but it may be noted that standard wireless components are 
used throughout and that consequently the detector can be easily con- 
structed by anyone familiar with the conventions of the ordinary wireless 



Fig. I. 


circuit diagram. The instrument is converted from an A.C, detector to 
a D.C. detector by means of the single switch S, which is of the double 
pole, double throw type. The success of the instrument as a null-point 
D.C. detector is largely determined by the choice of a suitable make and 
break. At present, few types are available for trial, but it was found that 
a Crossley make and break, f when modified by rewinding the coil for 
6*3 V. is quite satisfactory. It makes 200 interruptions per second, which 
is the minimum for the sensitivity required. The output wave-form is 
very steep-fronted and roughly approximates to a square wave. 

An important feature of the circuit is. the use of a full wave rectifier J 
followed by a smoothing circuit. This has obvious advantages in dealing 
with currents of unsymmetrical wave form, and in addition it ensures 
that the edges of the illuminated area are always perfectly sharp. This 
greatly facilitates accurate setting, thereby increasing the sensitivity. 

If the maximum accuracy is to be obtained in using the detector, some 
attention should be paid to screening the apparatus from external electrical 
interference. We find it desirable to place an earthed metal sheet on the 
bench top underneath the potentiometer, cells, wheatstone bridge or other 

* As for example the Mallard E.M.I. 

^ See, for example, Hovorka and Mendenhall, J . Chem. Edu., 1939, 16, 239. 

t Made by the Crossley Corporation, Cincinnati, Ohio, U.S.A. 

t Westector made by the Westinghonse Co. 




MOLECULAR WEIGHTS OF PROTEINS 


588 


apparatus being used. In conductance measurements this simple screen- 
ing suffices provided the conductivity cell is placed in an earthed thermo- 
stat. When the detector is used for D.C. measurements in conjunction 
with a potentiometer, as in the determination of the E.M.F. of a cell, the 
top of the potentiometer should be of metal, or should be metal covered, 
and the metal should be earthed. It is necessary to provide special screen- 
ing for the experimental cell only when this has a very high internal re- 
sistance. A metal cover, enclosing the cell, and earthed by standing on 
the metal sheet on the bench, is entirely adequate for this purpose. 

The detector is in use in these laboratories in a bridge circuit for the 
determination of the conductance of aqueous solutions, as well as in the 
ordinary potentiometric method for the measurement of the E.M.F. of 
cells. In the former case, with A.C. of a frequency 1000 cycles per second 
the sensitivity is of the order of o-oi m.v. In the latter case, with cells 
of low internal resistance (less than 1000 ohms) the sensitivity is about 
0‘i m.v. The sensitivity decreases only slightly with increase in the 
internal resistance of the cell. Thus, with a concentration cell of internal 
resistance as high as 5 x 10® ohms, the sensitivity was still about 0*3 m.v. 
These figures show that the sensitivity of the detector for both D.C. and 
A.C. is at least as good as that which can be obtained with a galvanometer 
or with a telephone and amplifier when these are used under the con- 
ditions which ordinarily obtain in a laboratory. Moreover, it can be used 
easily and rapidly, since it is unaffected by noise and vibration and is 
practically instantaneous in response. 

We anticipate that this detector will find a wide range of applicability, 
but we do not consider that in its present form it is suitable for use with 
a glass electrode. For the detector to be used for this purpose it would, 
however, only be necessary to make minor modifications. The existing 
wireless make and break would have to be replaced by one with an extremely 
well insulated and screened moving armature, which would allow of an 
input circuit similar to that described by Chun-Yu Lin.^ 

Summary. 

A null-point detector for D.C. and A.C. is described and its use iA 
conductance and E.M.F. measurements is discussed. The detector is 
practically free from inertia and gives a visual indication. 


The University, 
Leeds. 


2 J, Sc, Inst., 1944, 31 , 48. 


ON THE DISTRIBUTION OF THE MOLECULAR 
WEIGHTS OF PROTEINS. 

By J. P. Johnston,* H. C. Longuet-Higgins and A. G. Ogston, 
Received 16th January, 1945. 

This is an attempt to find out whether any confidence can be placed 
in the hypothesis that the molecular weights of proteins fall together into 
certain groups. The h5rpothesis was originally due to Svedberg ; in its 
latest form,^ it states that the rule that the molecular weights are multiples 
of 17,600 by numbers 2 ”^3" (m, n being zero or positive integers) is only 

* War Memorial student. 

^ Svedberg, Proc. Roy. Soc. B, 1939, 127, i. 
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approximate and that there is some obscuring factor, possibly a variation 
of the mean residue weight. Bull ^ has questioned the validity of the 
rule on the grounds of inspection of a logarithmic spectrum of molecular 
weights ; our conclusions agree with his. 

We have attempted a statistical examination of the data given by 
Svedberg ; ^ these consist of 57 values determined by one or both of 
sedimentation velocity and sedimentation equilibrium. Two difhculties 
confront this attempt at once : first, the values quoted by Svedberg 
should not be regarded as final ; his table could in certain cases be modified 
by the substitution or inclusion of more recent data : secondly, the hy-* 
pothesis is not statistically explicit ; it does not state what should be 
the .breadth of scatter of the values about the round numbers nor the type 
of their distribution ; nor does it indicate the number of values that are 
expected to be associated with any round number. With respect to the 
former difficulty, we have accepted the table of values exactly as given 
by Svedberg ; we do not think that the inclusion of more recently ob- 
tained values would affect our conclusions. With respect to the latter, 
we have been compelled to set up alternative hypotheses of the dis- 
tribution which, though necessarily arbitrary, may be regarded as being 
intrinsically as or more likely than that of Svedberg, and to examine 
whether the data fit one hypothesis better than they do another. We 
should state that we do not consider that any of the hypotheses of protein 
structure which claim to define molecular weight are sufficiently well 
established on their proper grounds to lend support to Svedberg's 
hypothesis.^* 5 

We have taken three main lines of approach.- The first two of these 
are designed to show whether there is a significant grouping of any sort. 
The null hypothesis chosen is, that the logarithms of the molecular weights 
{M) are distributed rectangularly in the range of log M which they occupy ; 
examination of the data shows that this is the best general and simple 
hypothesis over the lower two-thirds of the range of log M, though the 
density of values is markedly lower in the upper third of the range ; these 
methods are therefore applied only to the lower two-thirds. The first 
method consists of finding whether the distribution of the lengths of 
intervals between successive values of log ilf differs significantly from that 
predicted by a rectangular distribution ; if there is grouping, there should 
be an excessive proportion of long and short intervals. The second 
method tests whether, when the range is divided into a number of cells 
of equal length, the distribution of the numbers of cells that contain 
different numbers of values of log M differs significantly from that pre- 
dicted by a rectangular distribution ; if there is grouping, there should 
be an excessive proportion of cells containing high and low numbers of 
values. For the third method, the null hypothesis is that the logarithms 
of the values of M occurring between two successive "round numbers'* 
(multiples by powers of 2 and 3 of 17,600) are distributed rectangularly 
between those limits ; a correlation function is used to test whether the 
observed values agree significantly better with the round numbers than 
is expected from the null hypothesis ; this test is applied over the whole 
range of molecular weights. 

Finally, we have set up an alternative hypothesis, which is not much 
less simple than that of Svedberg, and which agrees better with the data. 
We do not claim that tliis does more than to show that Svedberg’s 
hypothesis is not in unique agreement with the data. 

^ Bull, Advances m Enzymology, 1941, 1,1. 

^ Wrinch, Pvoc, Roy. Soc. A, 1937, 161, 505. 

^ Bergmann and Niemann, /. Biol. Chem., 193S, 123 , 577. 

" Janssen, Protoplasma, 1939, 33, 410. 
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The Numerical Values Used in Testing. 

The values tabulated by Svedberg are derived from sedimentation 
velocity (Mg) or sedimentation equilibrium In 20 cases values 

from both are given ; for these the values of 

I / (Mg - 

20V Mg2 

is 0-07 and the probability that this would be obtained from a normal 
distribution of errors is 0*4 ; accordingly the mean of Mg and is used. 

The Interval Method. 

The null h5rpothesis is that the values of logM are distributed 
rectangularly, i.e. that 

^(M)dM = k . d(logM). 

The number of values of the interval between two successive values of 
log M that would be expected to lie between chosen limits l-^ and /g is given 
by : 

S'calc. = (N — l) (e-*h- — e-Tch) 

where N is the number of values of log M and k, their density, is given 'by : 
k z= (N ^ l)/(l0gMinax. — logMmln.). 

The results are shown in Table I. The most striking thing about these 
figures is the occurrence of two intervals greater than 0-15 in the first 

set ; the probability 
of occurrence of a 
single interval of 
this length is o*i6 
and of two such it 
is less than 0*02 5, 
The first set of 20 
was chosen so as to 
include these two 
long intervals, 
which separate the 
first three Svedberg 
groups. The second 
set of 29 includes 
the divisions be- 
tween the third to 
ninth Svedberg 
groups ; the num- 
ber of intervals 
found greater than 
0*1 is in accordance 
with expectation. 

Thus, the occur- 
rence of the first 
two long intervals 
is significant, while the occurrence of the others is not. 

Apart from these two intervals, the agreement with expectation is 
good. Pooling the intervals from 0-05 upward in the first set and from 
0*1 upward in the second set, the values of P obtained from 3 '^® 0*2 and 
0-5 respectively, though the values of P are not accurate since the numbers 
in the groups are rather small. 


TABLE I. 




?calc. 

1 

ffoUs. 

(i) For the first 20 values of M — 


0*00 

0*01 

S- 1 I 3 

7 

0*01 

0*025 

5*210 

7 

0*025 

0*05 

4*712 

3 

0*05 

0*1 

3*139 

0 

‘ 0*1 

0*15 

0-654 

0 

0*15 upward 


0*172 

2 



19*000 

19 


(2) Foy the next 29 values of M [the rest of the lower f of 
the range of log M ) — 


0*00 

0*005 

3*170 

4 

0*005 

0*01 

2*8oo 

2 

0*01 

0*025 

6*678 

4 

0*025 

0*05 

6*936 

9 

0*05 

0*075 

3*8o2 

3 

0*075 

0*10 

2*083 

4 

o-io 

0*15 

1*770 

2 

O' 15 upward 


0*762 

0 
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The Cell Method. 

The Interval method would not reveal a grouping such that, though 
the distribution of intervals is in agreement with the null hypothesis, 
the intervals are arranged systematically according to size ; for example, 
if the smaller and larger intervals are concentrated together or arranged 
periodically. The Cell method is designed to test for grouping of this 
type. 

The logarithmic range is divided into a series of cells of equal length ; 
for a rectangular distribution of logM, the numbers of cells containing 
given numbers of values of logM are given by the Poisson distribution. 
The number of cells, ^caie., expected to contain p values of logM is 
given by ; 

^^eaic. = c . !) 

where C is the number of cells and m is the mean number of values of log M 
per cell ; represents the observed value. 

As before, this test is applied only to the first two-thirds of the range 
(48 values of log M). Apart from this, there are two arbitrary choices in 
appljdng the test. First, the length of the cell ; no useful information 
can be obtained if the cells are too long or too short ; a length of o-i (log 
units) was chosen as being most likely to yield a significant result and 
this has the advan- 
tage that it covers 
approximately the 
range of variation 
of molecular weight 
that might arise if 
the proteins of a 
group contain a 
constant number of 
amino acids per 
molecule of varying 
mean residue 
weight. Secondly, 
the point of origin 
of the set of ceils ; 
it would be ex- 
pected that even a 
distribution in accordance with the null hypothesis might give an 
apparently significant deviation from it if the point of origin were 
suitably chosen. The observed distribution does in fact vary con- 
siderably with the point of origin chosen and so does the probability 
calculated for any one point of origin ; the selection of an arbitrary origin 
is an arbitrary choice in sampling. The procedure used was therefore 
as follows : all the different distributions of nobs, resulting from different 
positions of the origin within one cell length were obtained ; these values 
of «obs. were averaged, giving each value a weight proportional to the 
interval of log M through which the origin could be moved without chang- 
ing the distribution ; the number of cells used (19) was sufiicient to include 
all the values of log M for all origins. This procedure should eliminate 
errors of sampling. It makes full use of the information available. 

Table II shows that the values of \ogM do not tend to fall into groups 
of this order of size. 


TABLE II. — C=i9, w— 2*526. 




(mean). 

(^*oba. — «calc.)® 

**calc. 

^^calc. ‘ 



0 

1*520 

1*695 

0*020 

I 

3-840 

5*947 

1*156 

3 

4-850 

2*820 

0*850 

3 

4-083 

2*731 

0*448 

4 

2-57S 

3*265 

0*183 

5 

2-130 

2*542 

0*080 

and over 

' 


= 2-737 


degrees of freedom = 4 P = o*6o 


The Correlation Function. 

The null hypothesis is that, between consecutive round numbers 
(multiples by powers of 2 and 3 of 17,600), the values of logAf are dis- 
tributed rectangularly ; this contradicts Svedberg’s hypothesis. 
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Notation. — = a number of molecular weights [M). 

F(iV) = the correlation function for N values. 

Definition. — Let A,Bhe consecutive round numbers such that A<M<B 
for a particular protein.* Let G — (AB)^. Then 

^ 9 ^ - ^ — lies between o and 
log jB — log ^ 

Denote 1 4. ^ _ ij by f(M). Then i(M) has the following 

log B — log A j 

properties : 

(i) it lies between — i and + i ; 

(ii) if M is near a round number, f(M) lies near + i ; 

(iii) if M lies far from a round number, t(M) lies near •— i ; 

(iv) for a rectangular distribution of log M between log A and log B, 
f(ikf) is equally likely to have any value between — i and i. 

F(Ar) is the mean of iST values of f(M). 

A value of F(iV‘) between o and + i indicates a certain degree of 
clustering of the values of M about round numbers ; but such a clustering 
does not lend support to Svedberg’s hypothesis unless the chance is small 
that the observed degree of clustering could arise from the more general 
distribution law given by the null hypothesis. 

Distribution of F(iV). 

Let . dx be the chance that the value of F(A/') for N values of M, 
distributed as in the null hypothesis, shall lie between x and x + 
Then f 

^ 2irJ-.oo a. 

When JV is > 10, this differs negligibly from : 



that is, F(iV) is normally distributed about o with a standard deviation 
= Vi/sN. The chance P that F(iV) shall exceed a given value can 
thus be obtained from a table of normal deviates. 


TABLE III. 


Range. 

N. 


Svedberg. 

Alteruative. 


F(N). 

P. 

F(iV). 

P. 

Complete 

First two Svedberg 

56 

0*077 

0*137 

0*076 

0*223 

0*004 

groups 

Complete range less the 
first two Svedberg 

19 

0*133 

0*286 

0*032 

0*433 

<0-001 

groups 

37 

0*095 

0*061 

0*522 ' 

o*ii 6 ' 

0*239 

First two-thirds . 

First two-thirds less the 
first two Svedberg 

47 

0*084 

0*178 

0*034 

0*307 

<0*001 

groups 

28 

o-iog 

0*105 

0*335 

0*222 

0*041 


* Fox the four values of M less than 17,600, A is undefined ; for these we 
have arbitrarily put A = 17,600/2, 

I We are indebted to Mr. F. J. Dyson for this solution. Before we had it, 
we had estimated the standard deviation from the distribution of the sum of 
N throws of a die, which gave results in good agreement with the true solution. 
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Table III shows the application of the correlation function to the 
Svedberg hypothesis over various ranges. It shows also the application 
to an alternative hypothesis, obtained by inspection of a logarithmic 
spectrum of molecular weights : namely, that the molecular weights tend 
to have values i, 2, 2^, 3^, 42 . , , times 17,600. 

Although in all cases F{N) is positive, showing a certain degree of 
clustering, this is significant for the Svedberg hypothesis only over the 
first two groups of values. The alternative hypothesis fits much better 
over the whole range. 


Conclusions. 

These tests combine to show that there is some grouping of the lower 
molecular weights around the first two Svedberg numbers ; but this 
grouping does not amount to more than the occurrence of two gaps in 
an otherwise rectangular distribution of logM. Apart from this, 
Svedberg’s hypothesis receives no support from the evidence. 

There do not even appear to be groups of molecular weights such as 
could arise from sets of proteins containing the same numbers of amino 
acid residues per molecule, but having different mean residue weights. 

However, that there is grosser grouping is indicated by the significant 
result of the correlation test applied to our alternative hypothesis, which 
is algebraically nearly as simple as Svedberg’s. This grouping is not 
close and we do not think that it has any meaning in relation to protein 
structure. 

We are grateful to Mr. Ivor Robinson for help and encouragement. 

Balliol College, 

Oxford, 


A QUANTITATIVE STUDY OF THE CORROSION 
OF PURE ALUMINIUM.* 

By F. a. Champion. 

Received 8 th February, 1945. 

The value of detailed investigation of the form of corrosion-time 
curves for providing a better understanding of corrosion processes and a 
sounder basis for the quantitative assessment of corrosion has been demon- 
strated by Bengough and his co-workers in their work on the corrosion 
of iron and zinc. The present paper describes the first part of a similar 
investigation of the corrosion of aluminium. The investigation has been 
confined so far to aluminium of the highest purity and homogeneity 
which was obtainable in sufficient quantity : specimens of this metal were 
totally immersed in a horizontal position in normal potassium chloride 
solution, the corrosion being measured by the gasometric method de- 
veloped by Bengough and his co -workers. 

* This paper has been largely abstracted from a thesis approved by the 
University of London for the award of the Degree of Ph.D. 

^ Bengough, Stuart and Lee, Proc. Roy, Soc,, A, 1927, 116, 425. 

-Idem., ibid., 1928, 121, 8S. 

^ Idem., ibid., 1930 ; 137, 42. 

^ Bengough and Wormwell, Rep. Corr. Comm. Iron Steel Inst., 1935, 3, 128. 

s Bengough, Lee and Wormwell, Proc, Roy. Soc., A., 1931, 13 1, 494. 

® Idem., ibid., 1931, 134, 30S. 
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Details of Metal. 

A billet of pure aluminium was cast and extruded to give a bar of i-i/8 
inch square section (marked C). After scrapping several feet from each 
end of the extruded bar, the remainder was cut into one foot lengths, 
which were marked with letters to show the position in the original bar, 
from CA at the front end (top end of ingot), through CZ, CAA, CAB, etc., 
to CBK at the back end. After trimming off i/i6 inch from each side of 
each length, specimens i X i X i inches were parted off with as little 
distortion as possible in the milling machine, using B.P. liquid paraffin 
as lubricant, the specimens were numbered for identification, but the 
numbers bore no relation to the positions of the specimens in the one-foot 
lengths. Analysis ® showed the metal to contain 0*002 % Si, 0*0002 % 
Fe and 0*0003 % Cu with no detectable difference between the back and 
front ends of the bar. A hand shaping machine fitted with a sharp tool 
made from high speed steel was used, as suggested by the work of R. May,» 
for the final mechanical preparation of the specimen, care being taken 
to avoid contamination of the specimen during this preparation : B.P. 
paraf&n was again used as lubricant and possibly had another effect in 
restricting oxidation of the metal (which may occur more readily on metal 
which is being worked). The specimen, measuring approximately 2*5 cm. 
X 2*5 cm. X 0*5 cm., was then rinsed with A.R. benzene for half an hour 
in a modified form of Sohxlet apparatus, and annealed for 2 hours at 400° C. 
in a continuously evacuated l^iex tube. It was then carefully dusted 
with filter paper and transferred to the corrosion apparatus. 

Metallographic examination of the metal as extruded showed the grain 
size to be moderately uniform (60-400 grains per sq mm.), except for an 
area of relatively large crystals at the back end of the extrusion. The 
back end as extruded also showed a ring of crystals which had very irregular 
boundaries and which appeared to be less worked than the metal inside 
or outside the ring, but this ring was scarcely visible after annealing. 
X-ray difEraction patterns showed the metal to be completely recrystal- 
lised after annealing and also showed the metal to be worked to a depth 
of 0*01 inch below the surface during the final mechanical preparation 
before annealing. Micro-examination showed very small gas blisters in 
annealed specimens especially towards the front end (corresponding to 
the top of the billet) ; there were no signs of inclusions. 

Experimental Method. 

The essential features of the standard corrosion apparatus described 
by Bengough and Wormwell * were as follows : — 

(а) A corrosion vessel of specified dimensions in which the specimen 
could be totally immersed in a pure saline solution saturated with a gas 
or mixture of gases. 

(б) A platinum spiral in the gas space of the corrosion vessel which 
could be heated electrically to dull redness to burn the hydrogen evolved 
during corrosion. 

(c) A gas burette and manometer connected to the corrosion vessel 
through a special stopcock, so that the changes in the quantity of gas in 
the corrosion vessel could be measured. 

The design was modified in the following respects for this work on 
aluminium as shown in Figs, i and 2. In order to allow for the low rates 
of corrosion expected with pure aluminium, the apparatus was made more 
sensitive by (^t) reducing the capacity of the apparatus, and especially 

’ Champion, J. Inst. Metals, 1943, 69, 58. 

The British Aluminium Co, Ltd., Analysis of Aluminium and its Alloys, 
Publication No. 399, 1941, 114-116. 

® R. May, private communication through B.N.F.M.R.A, 
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of the gas space, while maintaining a large gas-liquid interface (the vessels 
had an internal diameter of 9*4 cm, and contained 250 c.c. of solution), 
and (b) by using (as in the early work of Bengough, Stuart and Lee 



Fig, I. — Corrosion vessel. 



a small gas burette which could be read with an accuracy of i 0*005 
No stopcocks were used on the corrosion vessel itself apart from the main 
stopcock on the tube connecting the corrosion vessel with the burette 
and manometer. The stand supporting 


the specimen was provided with four prongs 
instead of three in order to carry a square 
specimen. For the initial experiments a 
further modification was made by separat- 
ing the apparatus into tw'o distinct units, 
namely, {a) the corrosion vessel (Fig. 1), 
and (&) the burette and manometer (Fig. 2), 
so that a train of corrosion vessels could 
be connected (through the tube A) by 
rubber and glass tubing to one burette 
and manometer (by tube B) : this modifi- 
cation was abandoned for the later experi- 
ments since it seemed possible that it 
might be a cause of abnormal results 
(although no definite evidence was ob- 
tained that the abnormal results observed 
resulted from this modification) . 

The solution bottle (Fig. 3) for the pre- 
paration of the corroding solution out of 
contact with air w-as similar to that de- 
scribed by Bengough, Stuart and Lee,® 
except that no provision was made for the 
determination of the conductivity of the 



water in the bottle. Since normal potas- 


sium chloride solution was used as the corroding medium, close control of 
the conductivity of the water used was considered to be unnecessary. The 
water used wms obtained by redistillation of distilled water in a current 
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of pure air, after adding a little alkaline potassium permanganate : a 
fused silica condenser was used. The specific conductivity of the water 
obtained was usually about i and never exceeded 1*4 reciprocal megohms. 
The water was collected in the solution bottle by direct connection of 
tube C to the still : the requisite amount of potassium chloride was sub- 
sequently dissolved by forcing the water up into the salt tube D by means 
of oxygen pressure. The oxygen used in the corrosion tests was supplied 
in cylinders as hydrogen-free : no hydrogen could be detected in this gas 
by blank tests in the corrosion apparatus. This oxygen and the air used 
in the water distillation were each purified by a similar train consisting of : 
(a) a filter paper membrane, (&) soda lime granules, (^) dilute silver nitrate 
solution, (d) dilute sulphuric acid solution, and [e) redistilled water. 

The apparatus was set up as described by Bengough, Stuart and Lee ^ : 
half an hour was allowed for the system to reach equilibrium, and the pres- 
sure in the corrosion vessel was 


Shaking of 
corrosion v&sseL 



0 10 20 30 40 


Fig. 4. — Corrosion-tinie curves for specimen 
CBD8 at 25° C. 


finally balanced against the 
manometer of the apparatus : 
subsequent changes in the gas 
phase were ' recorded as effects 
of corrosion. Immersion of the 
specimen normally occurred 
about 5 hours after completion 
of its mechanical preparation, 
while measurement of corrosion 
started about 45 minutes after 
immersion. The top surface of 
the specimen was 1-1*5 
below the surface of the solution 
and the oxygen pressure above 
the solution was maintained at 
760 ± 2 mm. Hg. The thermo- 
stat in which the experiments 
were made was insulated as 
well as possible from vibration 
and normally showed tempera- 
ture variations of not more 
than d: 0*05° C., the gradient 
across the bath being not more 
than 0*02° C. In the calcula- 
tion of the results due allow- 
ance was made for the fact that 
absorption of oxygen by corro- 


sion continued during the com- 
bustion of the hydrogen : the 'corrected volumes of hydrogen and oxygen 
so observed were converted to the equivalent weight of aluminium per 
unit area of specimen, and then added together to give the total corrosion 


per unit area. 


Results. 


The majority of the corrosion-time curves obtained by this gasometric 
method were similar in shape for a considerable time after the commence- 
ment of corrosion : these are regarded as the normal curves for pure 
aluminium and are discussed first. Curves which showed major differ- 
ences from these normal curves were regarded as abnormal. The most 
common abnormality consisted of apparent irregularities in oxygen 
absorption which fortunately had no efiect on the hydrogen evolution 
measurements. These abnormal results are briefly discussed later under 
that heading. 

Normal Corrosion-Time Curves. — ^Actual corrosion-time curves (of 
specimen CBD8) which are typical of these normal curves are reproduced 
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as full lines in Figf. 4 from which it will be seen that the three curves, for 
hydrogen evolution, oxygen absorption, and total corrosion respectively, 
are generally similar in shape. The corrosion rate is very low at the start 
of the experiment, increases to a maximum, declines to a minimum, and 
then rises to a second maximum before the final decline begins. These 
features of the curves are shown in Fig. 5, which was obtained from a 
large-scale version of Fig. 4 : the slope (dy/dj 5 ) of a smooth curve drawn 
through the experimental points was measured graphically at frequent 
intervals of time and was plotted (Fig. 5) against the corrosion (y) which 
had occurred up to the corresponding times. It will be seen that the 
rise in the corrosion rate proceeds mainly according to the equation 

dyfdt = j8 + ay (i) 

where a and ^ are constants, although their values depend upon w^hether 
the first or second maximum is being approached. The decline in the 
corrosion rate after the second maximum proceeds mainly according to 
the equation 

dyldi == ^ — ay. . . . • (2) 




Fig. 5. — ^Analysis of total corrosion and Fig. 6. — ^Analysis of hydrogen evolution 
hydrogen evolution curves of Fig. 4. curve of Fig. 4. 

The decline in the rate as the minimum is approached probably also 
follows equation (2), although there is less experimental evidence for this 
conclusion owing to the shortness of this portion of the curve. The form 
of the oxygen absorption and total corrosion curves beyond this point 
is uncertain, owing to the frequent incidence of irregularities in the oxygen 
absorption measurements as shown by the broken lines in Fig. 4. In 
order to continue the exploration, the rate of corrosion due to hydrogen 
evolution is plotted in Fig. 6 against the corrosion due to hydrogen evolu- 
tion. It will be seen that the equations (i) and (2) still apply over the 
range covered by Fig. 5, while equation (2) also applies to the continuation 
of the curve ; but at the point F the values of and a decrease fairly 
abruptly (without change of sign) thus causing an inflexion in the curve. 
There have been suggestions that a similar inflexion occurs at the same 
time in the oxygen curve, but that this inflexion is less marked in the 
oxygen curve (and therefore also in the total corrosion curve) than in the 
hydrogen evolution curve. There are thus five diflerent values to each 
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of the parameters j0 and a for the complete corrosion-time curve, and the 
corresponding symbols are therefore diEerentiated by the suffixes 1-5. 
The values of these parameters were assessed by drawing the best straight 
lilies through the plots of dy/d^ against y as shown in Fig. 5. It may 
also be noted that the proportion of the corrosion represented by hydrogen 
evolution increases as corrosion proceeds (see also p. 600). 

By integration of equation (i) we get 

- log + ocr) -f log y = / 
a 

or y = - ^/oc (3) 

which is the equation representing the portions A and C of the corrosion- 
time curve (Fig- 4) , during which the corrosion rate is increasing. Similarly, 
integration of equation (2) gives the equation to the portions B, D and E 
of the curve during which the corrosion rate is decreasing 

• • • • (4) 

In this case it will be noted that when t is infinite 

ya> = ^/a. . . . . . (5) 

SO that jS/a gives the ultimate corrosion to be expected if corrosion pro- 
ceeds according to that equation indefinitely, without changes in the values 
of the parameters ^ and a. Since there is a change in the values of these 
parameters at inflexion F, two values of jS/a may be derived namely 
and jSs/as- Owing to the irregularities in the oxygen measurements 
no attempt has been made to calculate the values of the latter parameters 
for total corrosion, but only for the corrosion due to hydrogen evolution. 

The first experiments (specimens CBE14 and CBD8) were carried out 
with the .temperature of the thermostat adjusted to 25*4*^ C. Difficulty 
was found in controlling the temperature at this value, owing to the 
prevailing laboratory conditions, with the result that transient fluctuations 
in temperature occurred. About 24 hours was allowed after such fluctu- 
ations for the re-establishment of thermal equilibrium before measure- 
ments were resumed. No appreciable efiect of the temperature fluctua- 
tions on the rate of corrosion was detected > for example, Fig. 4 shows 
no effects of the rise in temperature from 25-4° C. to 26° C. when CBD8 
had been immersed for 17 days, or the fall in temperature from 25*4° C. 
to 22*2° C. at 24 days. Such temperature fluctuations increase the oxygen 
supply to specimens corroding under stagnant conditions by causing 
convection currents in the corroding solution. More pronounced tem- 
porary increases in the oxygen supply to specimen CBD8 were produced 
intentionally by shaking the whole apparatus gently for a few seconds 
at the times indicated in Fig. 4 : still no appreciable effect on the corrosion 
rate was observed. These observations show that the corrosion of the 
specimen was not controlled by the rate of supply of oxygen. 

The effect on corrosion of variations in the depth of immersion ^ is 
presumably due mainly to the consequent variations in the oxygen supply 
at the specimen. Since the corrosion of the specimens, under the con- 
ditions of these experiments, was found to be independent of the oxygen 
supply, it seemed unlikely that the depth of immersion would be a critical 
factor. 

Although the temperature fluctuations had no appreciable eflect on 
the corrosion process, close temperature control was evidently necessary 
for accurate gasometric measurements. The thermostat was therefore 
operated at 30® C. for the ensuing experiments in order to obtain better 
control of the temperature. The curves obtained at 30° C. were quali- 
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tatively similar to those obtained at 25*4° C. except that the minima 
in the curves were more pronounced at the higher temperature. 

In Tables I-II are given characteristic values taken from the curves 
for various specimens which were not unduly afiected by the abnormalities 
referred to above (p. 596) : the parts of those curves which seemed un- 
reliable because of such abnormalities, or because of insufficiently frequent 
measurements, were ignored in deriving these characteristic values. Since 
the hydrogen evolution curves were not affected by the abnormalities, 
most of the values of Tables I-II (namely those in columns M-X) were 
derived from these curves. 

Consideration of the values given in Tables I-II for specimens exposed 
at 30° C. shows that while the curves were similar qualitatively (p. 596) 
they varied quantitatively, especially when expressed on a time basis 
as in columns H, K, M, O, Q, S. For the early stages of corrosion these 
variations in the time intervals showed marked correlation with the 

TABLE I, — ^Values Read from Normal Corrosion Curves. 


specimen. 


Values from Total Corrosion Curves. 




Incidence of 

Position of ist Max. 

Position of Minimum. 


Surface 

Period 

Irregularities 





Mark. 

Area 

of Test. 

in Oxygen 






{sq. cm.]. 

(days). 

Absorption 








(days). 

Days. 

Mg./sq. cm. 

Days. 

Mg./sq. cm. 

A. 

B. 

E. 

F. 

H. 

J. 

K. 

L. 

CBE14* . 

19 '9 

74 

28 

X3*o 

0‘2 

i7'0 

0*35 

CBD8* . 

i8‘9 

40 

28 

12*5 

0-24 

14-8 

0*32 

CBD17 . 

19*6 

38 

18 

(47) 

0*10 

II-4 

0*30 

CBD18 . 

18-9 

95 

22 

6*3 

0*17 

9*4 

0*32 

CBD24 . 

i8-6 

48 

26 

7*4 

0*15 

13*7 

0*35 

CBC4 

19*3 

51 

13 

4*3 

0*12 

8*9 

0*30 

CBC13 . 

i8-2 

31 

21 

15*1 

o*i8 

— 

— 

CBBa . 

19*2 

75 

28 

7*0 

o*i8 

9-0 

0*26 

CBAi . 

17-2 

3 ^ 

6 


— 


— 

CBA2* . 

17*5 

34 

28 

6 

0-20 

8-3 

0*33 


* Corrosion conditions for these specimens non-standard (see text, pp. 598 
and 604). 


initial of the corroding solution. This correlation is shown in Table III 
by re-arrangement of the relevant values from Tables I-II. As corrosion 
proceeded, this correlation became less marked, as is shown, for example, 
by the time of occurrence of the inflexion F in the hydrogen evolution 
curve (column S). 

The positions of the various inflexions of the curves when expressed 
in terms of the corrosion observed (columns J, L, N, P, R, T, U and V) 
showed less variation than the corresponding time intervals : the vari- 
ation which did occur in the corrosion intervals was most marked in the 
early stages of corrosion, but showed no correlation with any known 
conditions at this early stage [e.g. columns J and N). As corrosion pro- 
ceeded these gravimetric variations tended to decrease and also to 
show some correlation ^vith the identity of the specimens. Thus the 
values given in columns T, U and V tended to decrease from the CBD 
specimens to the CBA specimens, i.e. as the position of the specimens 
in the original extruded bar moved from the back towards the front end 
of the bar. This is of particular interest with column V giving the values 
of jSs/ocg since this parameter represents the total loss of metal to be 
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TABLE 

Values Read from Hydro 


Specimen 

Mark. 

Values from Hydrogen 

Position of ist Max, 

Position of Minimum. 

Position of 2nd Max. 


Days. 

Mg./sq. cm. 

Days. 

Mg./sq. cm. 

Days. 

Mg./sq. cm. 

A. 

M. 

N. 

0. 

P, 

Q. 

R. 

CBE14* . 

14 

o-o8 

16 

0*103 

18*8 

0*180 

CBBS* . 

12*2 

0*076 

I 5 -I 

0*120 

17*5 

0*187 

CBD17 . 

4*4 

0*030 

9-5 

0*110 

i6*i 

0*220 

CBD18 . 

6*4 

0-063 

10*6 

0*138 

14*4 

0*210 

CBD24 . ' 

8*0 

0*072 

12*3 

0*137 

17*8 

0*213 

CBC4 

4*2 

0*045 

8*9 

0*131 

— 

— 

CBC13 . 

15*7 

0*064 

23*0 

0*122 

— 

— 

CBB2 

6*7 

0*06 

9*0 

0*096 

17*6 

0*187 

CBAi 

3*8 

0*041 

9*4 

0*122 

i6*8 

0*204 

CBA2^^ . 

6*2 

0*08 

8 

* 0*11 

i6*4 

0*26 


* Corrosion conditions for these specimens 
f The values of Y were obtained by extra- 


expected per unit area of the specimen if corrosion was allowed to pro- 
ceed indefinitely, assuming that no further inflexions occurred in the 
curve. Moreover, since similar correlation was shown by the “ imaginary 
ultimate corrosion '' (column U), it seems feasible that the correla- 

tion would be maintained even if further inflexions did occur. Column 
W shows that the inflexion F occurs at an approximately constant posi- 
tion on the curve, namely when 79 % of the ultimate corrosion (Ps/ag) 

has occurred : the variations 
which occur in this percent- 
age appear to be independent 
of the variations in corrosion 
conditions (such as the acci- 
dental variations in pH or 
the controlled variations in- 
temperature from 25° to 
30° C.) and the identity of 
the specimens : the varia- 
tions are attributed to errors 
in the actual determinations 
and in the subsequent graph- 
ical analysis. The percent- 
age difierence between the 
imaginary ultimate corrosion 
iPJoLi) and the probable 
ultimate corrosion (ft /as) 
was also, found to be approximately constant at less than 20 %, as is 
shown by column X. 

Fig. 7 shows how the proportion of corrosion due to hydrogen evolution 
varied with specimen CB!D8 as corrosion proceeded. The proportion 
for any given time was calculated (as a percentage) from the total hydrogen 
evolved up to that time and the corresponding value of the total corrosion. 
It will be seen that for a considerable period the • percentage [x) of cor- 



Fig. 7. — ^Hydrogen evolution from Specimen 
CBD8. 
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ll. 


GEN Evolution Curves. 


Evolution Curve. j 





Corrosion due to 
Hydrogen Evolution. 

Position, of Inflexion F. | 

(mg./ 
sq. cm.). 

Psias 
{mg.! 
sq. cm.). 

T 

0/ 

v~v 

0/ 

1 

% at 

Rate of 
Increase 

Days. 

Mg./sq. cm. 

y '0* 

y /o* 

= 0 . 

sq. om.). 

S. 

T. 

U. 

V. 

W. 

X. 

Y.f 

z. 

29»I 

0*370 

0-391 

0*452 

82 

X 3 

30*5 

9*0 

25-0 

0*361 

0-384 

0*466 

78 

18 

327 

9*2 

21-4 

0*304 

0-349 

0*400 1 

76 

X 3 

26*5 

57-9 

21*9 

0*352 

0-385 

0-440 

80 

13 

32*6 

20*4 

31*5 

0*349 

0-389 

0-412 

84 

6 

32*2 

40*6 

<24 

< 0*35 

— 

0*422 

— 

— 

39*6 

15*4 

— 

— 

— 

— 

— 

— 

28*0 

26*6 

30-2 

0*297 

0*320 

0*395 

75 

19 

32*2 

I 3 *S 

22 '7 

0*270 

0*304 

0*340 

80 

II 

39 

50 

20-3 

0*320 

0*350 

0*397 

81 

12 

30-3 

16*8 


non-standard (see text, pp. 598 and 604). 
polation, see p. 600. 


rosion due to hydrogen evolution is related to the corrosion (y) which has 
occurred by the linear law, 

^ = y + Zy (6) 

where Y would be the proportion at the beginning of corrosion if the 
law held from that time, while Z shows the relative rate of increase in 
hydrogen evolution. This relation was found to apply to all the other 
specimens given in Table II, and the appropriate values of Y and Z are 
given in columns Y and Z of Tables II and III. The initial proportion 
(Y) showed a tendency to decrease as the initial of the solution in- 
creased (Table III), but this was evidently not the only factor affecting 
the proportion of hydrogen : the rate of increase in the proportion (Z) 
showed no definite correlation with the pB. values, but appeared to be 
less at the lower temperature of specimens CBE14 and CBD8. Equation 


TABLE III. — ^Effect of Acidity of Solution on the Corrosion of Pure 
Aluminium. (Extracted from Table I). 


Specimen 

Mark. 

Depth of 
Immersion 
(cm.). 

■ 

Initial 
/>H of 
Solution. 

Position of ist Max. 
(days). 

Position of 
Inflexion 
Fin Ha 
Evolution 
Curve 
(days). 

Corrosion due to Ho 
Evolution. 

By Total 
Corrosion. 

By Hz 
Evolution. 

When 

y=o 

(%). 

Rate of 
Increase 
{%!ro.sJ 
sq. cm.). 

-A. 

C. 

D. 

H. 

M. 

S. 

Y. 

Z. 

CBAl 

1*5 

5*0 



3*8 

23 

(39) 

50 

CBC4 . 

1*3 

5*2 

4*3 

4*2 

<24 

39-6 ■ 

15*4 

CBBiS . 

1*4 

5*3 

6*3 

6*4 

22 

32*6 

20*4 

CBD24 . 

i*i 

5*5 

7*4 

8*0 

32 

32*2 

40*6 

CBC13 , 


5 -^ 

15*1 

157 


28*0 

26*6 
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(6) did not fit the experimental observations during the early stages of 
corrosion : for example it will be seen from Fig. 7 that the observed 
values of the proportion for CBD8 were higher than those given by equa- 
tion (6) until almost 0-26 mg. of metal had been corroded per sq. cm., 

almost until the minimum in the curves of Fig. 4 had been reached. 
With other specimens this deviation from equation (6) usually ended 
before the first maximum and always ended before the minimum of the 
curve was reached : the extent and sign of the deviation also varied, but 
in most cases the initial observed values were less than those of equation 
(6). It seems probable that equation (6) holds up to the inflexion F, 
but no reliable information is available beyond that point owing to the 
incidence of abnormalities in the oxygen absorption readings (p. 596). 

Appearance of Specimens. — ^The specimens were examined under the 
binocular microscope as soon as possible after removal from the corrosion 
vessel, and again after detaching the film with concentrated nitric acid. 
The films were white or slightly greyish in colour and consisted of at least 
two layers, namely, 

(a) a hard adherent layer next to the metal which could not be re- 
moved mechanically without damaging the metal beneath, and 

(&) a relatively loose flufiy type of film above, which could easily be 
rubbed off with the finger. 

The upper layer was thicker on the top surface of the specimen than on 
the bottom, especially on specimens tested at the higher temperature 

(30° c.). 

The relative difficulty experienced in removing the films with acid 
was taken as an indication of their protective value. This protection 
appeared 

(a) to be in general agreement with the mechanical adherence of the 
film, 

(b) to be due almost entirely to the lower layer of the film, 

(c) to be related to the corrosion which had occurred rather than to 
the time for which the specimen had been corroding, 

(d) to increase more rapidly on the top than on the bottom surface 
of the specimen. 

Specimens which had passed the inflexion F in the hydrogen evolution 
curve required several hours' treatment with nitric acid at 30*^ C. whereas 
the films on specimens which had suffered very little corrosion were readily 
attacked with nitric acid at room temperature. 

Examination of the specimen after removal of the film revealed general 
corrosion which was uniform except for selective attack at the grain 
boundaries. In the early stages the boundaries thus revealed by cor- 
rosion were in discontinuous lines, but as corrosion proceeded, continuous 
lines were formed to give a very clear etch. In several cases in which the 
corrosion process was well advanced (e.g. the curve had passed the in- 
flexion F) this general corrosion was markedly more severe on the bottom 
than on the top surface : this observation is in agreement with the relative 
protection afforded by the films on the two surfaces as referred to above. 
Minute pits were evident on some of the specimens, notably CBD8, CBD17 
and CBD24, and could usually be seen quite clearly under the microscope 
before removal of the film since they were not covered by visible film : 
with other specimens (still giving normal curves) microscopic examination 
revealed no pitting. The parts of the specimen which had been in con- 
tact with the glass supports of the corrosion vessel were usually free from 
visible film, but must have been covered by a transparent film since they 
rarely showed any more corrosion than the general surface of the specimen. 

Apart from the variations referred to above, visual examination of 
the specimens during and after exposure showed no irregularity in thick- 
ness of the film on a given specimen. 
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Abnormal Results. — ^Nineteen tests were carried out under the con- 
ditions given on pages 594-96. Irregularities in the oxygen absorption 
occurred in all of these tests after four weeks (and in some cases before, 
as shown in Table I, column F). If the corrosion rate at the time was 
not high actual negative oxygen absorption readings of varying magnitude 
(up to 0*13 c.c, per day and 2 c.c. total) were obtained as shown by the 
broken line in Fig. 4. The hydrogen evolution curve usually remained 
undisturbed during these tests thus showing that unburnt hydrogen was 
not at any rate a major cause of this abnormality. Five experiments 
gave corrosion-time curves bearing little or no resemblance to the normal 
curves but approximating to a series of straight lines of varying slope 
with the hydrogen evolution abnormally low (sometimes accounting for 
less than 5 % of the total ''corrosion'' observed). Of the remaining 
14 experiments, 10 are reported in Tables I and II while 4 more gave results 
similar to the early part of Fig. 4, but experimental dif&culties resulted ^ 
in termination of the experiments before useful quantitative results for 
quotation in Tables I and II had been obtained. 

These abnormalities were investigated by means of [a] corrosion tests 
under conditions similar to those employed for the work on pages 596-602, 

(&) blank tests under similar conditions apart from the omission of the 
metal specimen and (c) examination of uncorroded specimens. In a few" 
cases the measurements indicated slight evolution of hydrogen in the 
absence of a metal specimen. The following possible causes of the ab- 
normalities w’ere investigated : [a) leakage in the apparatus, (&) temperature 
disturbances, (c) gas in the metal, {d) formation of hydrogen peroxide, 

(e) other factors associated with the metal itself, and (/) bacterial infection 
of the system. The information so obtained was inconclusive as to the 
importance of bacterial infection, but indicated that the other factors 
were at least not major causes of the abnormalities. The investigation 
of this matter w"as still in progress when the research was interrupted 
by the war, and had not reached a stage suitable for detailed discussion. 

Discussion of Results. 

The exponential equation (4) given on page 598 may be written 

v — jS/oi — — 
ay 

where is the point at -which this curve would cut the time axis. Thus 
w’hen ^ = ^0, y = o, so that fi/a == — . It is also clear that when t is 
infinite the value of y is 

>'oo = 

Hence equation (4) may be written more simply as 

T = yoo[i — (7) 

This form of the equation is more convenient when comparing the results 
of this investigation with those of other workers in the following dis- 
cussion. The earlier part of the corrosion-time curve, up to the inflexion 
F, is first considered and then that inflexion and the later part of the 
curve are discussed.* 

Earlier Part of Curves. — Bengough, Stuart and Lee ^ obtained 
corrosion-time curves for zinc in potassium chloride solution with ample 
oxygen supply which appear to show close similarity to all the features 
of the curves given in Fig. 4 for aluminium except the minima in the 
latter curves. Thus Fig. 9 of their second paper, ^ showing the corrosion- 
time curves for specimen A69 in n./io potassium chloride solution, may 

* The application of equation (7) to the loss of mechanical properties of 
aluminium alloys by corrosion has been considered elsew’here.^® 
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be compared with Fig. 4 of this paper, while their conclusion, that the 
various inflexions in the curves were related to the corrosion which had 
occurred rather than to the time of immersion, is in agreement with the 
results given in Tables I-II [cf. p. 599)* They observed that the decelera- 
tion of corrosion of zinc proceeded according to equation (7), and at- 
tributed this exponential form to the withdrawal of chloride ions from 
the solution by the corrosion process, and deduced that yoD (for which 
they used the symbol A) represented the initial chloride content of the 
solution. In the corrosion of aluminium the corrosion product does not 
normally include chlorine. Furthermore, for the conditions given on 
pages 594-96, the chlorine present in the initial solution was equivalent 
to 0-9 g. of aluminium, whereas, even if hydrogen evolution is assumed 
to account for only 30 % of the total corrosion, the highest value of 
for hydrogen evolution given in Table II corresponds to an ultimate total 
loss of aluminium of only 0*032 g. Hence exhaustion of chloride ions 
could not account for the exponential form of the equation for aluminium. 
Bengough and his colleagues ® obtained similar exponential curves for 
iron in very dilute solutions, especially in conductivity water, and in this 
case explained the form of the curves by the formation of open-topped 
mounds of corrosion product on the specimens : this explanation is also 
inapplicable to aluminium, since no such mounds of corrosion product 
were observed on these aluminium specimens, and in fact with the majority 
of the specimens no pitting could be detected. The experiments with 
specimens CBD8 and CBE14 (p. 598) showed that the corrosion rate was 
not controlled by the rate of oxygen supply to the specimen. 

A possible explanation of the accelerating corrosion rate in the earlier 
stages of the corrosion process appeared to be that the accumulation of 
corrosion products increased the rate of attack as corrosion proceeded. 
The final products of corrosion, namely hydrogen and alumina, have no 
chemical action on aluminium, whereas the initial products at the anodes 
and cathodes, namely aluminium chloride and potassium hydroxide 
would markedly increase corrosion since the former readily hydrolyses 
to free hydrochloric acid. The stagnant conditions adopted as standard 
would tend to prevent the mixing and neutralisation of the anodic and 
cathodic products, and so might be an important cause of the increasing 
corrosion rate. To test this view specimen CBA2 was corroded under 
conditions which were standard except that the whole corrosion vessel 
was continually rocked throughout the test by an eccentric device driven 
from the thermostat stirring motor. A normal curve with parameters 
little different from those observed with stagnant conditions was observed 
(see Tables I-II), which suggested that the separation of the cathodic 
and anodic products might be due to factors too strong to be seriously 
disturbed by this somewhat gentle movement. The loose, porous, upper 
layer of the film formed on the specimen (presumably by precipitation 
of alumina from the body of the solution) appeared to be the most probable 
factor : since this layer was much thicker on the top surface of the specimen 
(presumably owing to gravitational effects), it would be expected that 
acceleration of corrosion would be more marked on this surface than on 
the bottom surface. It seemed possible therefore, that the accumulation 
of corrosion products in this upper layer of the film would tend to make 
corrosion proceed at a rate proportional to the corrosion product formed, 
i.e. to the total corrosion which had occurred : this is in conformity with 
the t5rpe of equation obtained experimentally for the earliest part of the 
curve. 

dy/dt = jS + ay (i) 

The greater acceleration on the top surface referred to above would result 
in a higher value of a for that surface than for the bottom surface. The 

Schikorr, Mitt, Mat, Priif, Anstalten, 1933, 22, 22. 
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underlying film, whicli is presumably formed by the interaction of ions 
at the surface of the metal, apparently provides increasing protection 
against the corrosion which is stimulated by the upper layer of the film : 
when the protection afforded has reached a high order, i.e. in the later 
part of the curve, this layer of the film will control the corrosion rate. 
Again the film formation may be expected to be proportional to the total 
corrosion, and so give an equation of the form 

dy/d# = — ay. . . . . {2) 

Since the protection afforded by the lower layer of the film increases 
more rapidly on the top than on the bottom surface (cf, p. 602), the value 
of a would be higher for the top than the 
bottom. The conditions for the edges of the 
specimen are presumably similar to those for 
the bottom surface. 

The broken line curves of Fig. 8 have 
been drawn for (A) the bottom surface and 
the edges and (B) the top surface of the 
specimen from equations (i) and (2) : the 
values .for the parameters a and p were 
chosen on the basis of the above argument 
and the experimental values so that equa- 
tion (i) controlled the early part of each 
curve and equation (2) the later part of 
each curve. Since these curves record the 
corrosion occurring on the two portions of 
the specimen the corrosion of the whole 
specimen is represented by curve C which was obtained by the summation 
of curves A and B. It will be seen that 

(1) the curve (C) contains all the features of the experimental curves of 

Fig. 4, up to the inflexion F ; 

(2) the hypothesis correlates the differences in film formation on the 

top and bottom surfaces with the greater corrosion observed on 
the bottom surface in the more prolonged tests (p. 602) ; 

{3) the h5q)othesis correlates the greater differences between the top and 
bottom surfaces observed at 30° C. (p. 602) with the more prominent 
minima observed in the experimental curves at that temperature 
(p- 598). 

Accurate quantitative observation of the corrosion process is not possible 
until the evolution of hydrogen and the absorption of oxygen has affected 
the gas phase of the system in the corrosion vessel : this evidently accounts 
for the deviation from equation (i) of the initial portion of the curve, 
e.g. up to total corrosion of about 0*02 mg. per sq. cm. in Fig. 5. 

The proportion of the total corrosion accounted for by hydrogen evolu- 
tion largely depends upon the overvoltage of the specimen. This over- 
voltage will be controlled at the commencement of corrosion by the con- 
figuration of the surface of the specimen, and the impurities exposed to 
the corroding solution ; it is probably modified during the early stages 
of corrosion mainly by alterations in the former due to the corrosion 
proceeding. The variation in the proportion of hydrogen evolution with 
the different specimens during the early stages (p. 602) is attributed to 
these changes in the physical condition of the surface. The quantity of 
impurity produced would be expected to be proportional to the total 
corrosion which had occurred : the direct proportionality of hydrogen 
evolution to total corrosion which was observed after the minimum in 
the corrosion-time curves therefore suggests that these impurities control 
the hydrogen evolution during these later stages of the corrosion process. 

Consideration of the corrosion-time curves observed by Steinheil and 



Fig. 8. — ^Theoretical cor- 
rosion-time curves. 
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Vernon on exposing aluminium to air and oxygen lends support to the 
above explanation (pp. 604-05) of the curves of Fig. 4. 

Steinheil condensed aluminium on to mica in vacuo, then admitted 
oxygen, and measured the increase in transparency due to oxidation of 
the metal. From these measurements he calculated the thickness of the 
alumina film formed. The experimental values for foil “ XI taken 
from SteinheiFs graphs are given in Table IV, together with the cor- 
responding values calculated from the equations 
^ = 6 X IO“®eS002/a, 

^3 = 0-0440 [I ^ e-0-0505(H-20}]. 


It will be seen that the initial portion of the curve up to about o-i days 
closely follows the logarithmic equation, which is the type of equation 
given by Tammann for the initial oxidation of metals. After about 

2 days the curve 

TABLE IV.— Oxidation of Aluminium as Observed closely follows the 

BY Steinheil. exponential equa- 

— ^ ^ values 

Thiclcaess of Oxide Film (microns). observed between 

■ Time (days) Calculated Values. 0*1 ^nd 2 days He 

Expt. Values. between the values 

2/3. calculated from 

these two equations 

0-0016 0-0104 o-oiii — thus indicating a 

o-ooiS ‘ 0-0114 0-0114 — ■ gradual transition. 

0-0026 0-0117 0-0121 — Xhe other curve 

0-0033 0-0128 0-0126 given by Steinheil 

^ nnl? foil X) covers 

0-0058 0-0135 0-0137 - ^‘°7 

0-0067 0*0134 0-0140 — days and was also 

0-0122 0-0149 0‘0i5i — found to be loga- 

0-0130 ^ 0-0154 0-0153 — rithmic. By difier- 

0*0140 0-0152 0-0154 — entiation of the 

0*0144 0*0149 0-0155 — logarithmic equa- 

0-0153 0-0149 0 0156 — tion ^ave 

0-0241 0-0170 0’0i66 — 

0-0380 0-0175 0-0175 — dyldt = klt 

0-0749 0-0188 0-0188 — i • -x- n XU 

0- 84 0-0263 0-0234 0-0296 so that initially the 

1- 75 0-0290 0-0249 0-0303 corrosion rate was 

3-71 0-0316 — 0-0316 a function of the 

4*7- 0-0322 — 0-0322 time of exposure, 

5’8o 0-0330 — 0-0329 but when the film 

7 *^^ 0-0340 0-0341 reached a thickness 

rrll of about 0 - 03 ja the 

11*95 0-0364 — o-0'^6i . 

12-95 0-0368 _ 0-0366 corrosion rate was 

15-15 0-0375 — 0-0374 controlled by the 

19- 0 0-0384 — 0-0386 film which had 

20- 0 0-0390 — 0-03S9 already been 

30*^^ 0-0410 — 0-0410 formed, as shown 

I by equation (2) 

(p.597). Lustman^** 

has also examined SteinheiFs results : he concluded that Tamrriann's 
logarithmic equation was applicable throughout, with an inflexion at 
about 1*75 day causing changes in the values of the parameters, but 
the agreement with the empirical values did not appear to be quite as 
good as in Table IV, 


Steinheil, Ann, Physik, 1934, I 9 » 4 ^ 5 - 

Evans, Metallic Corrosion Passivity and Protection, 1937. 

Lnstman, Trans, Electrochem. Soc., 1942, 81, 363. 
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In Vernon’s experiments hard-rolled aluminium was cleaned by a 
steel wire brush and then exposed to London air, the resulting increase 
in weight being observed periodically. The values taken from Vernon’s 
graph for 99*6 % metal (B) are given in Table V, together with the cor- 
responding values calculated from the equations : — 

= 0*245 ® — 0-40(i 4 0-76)J^ 

y^ = 0*305 [l — e — 0-069(t-j- 13)J, 

It will be seen that all the observed values agree with those calculated 
by equation (7), although there are changes in the parameters of the 


equation (at 9*2 days) : the latter changes constitute a further similarity 
between this curve 

and the curve of TABLE V. — Atmospheric Corrosion of Aluminium 
Fig. 4, but discus- as Observed by Vernon. 

sion of this r>nini: 

deferred to page 608, 

The other two Time (days) 

curves published by W- 

Vernon for alu- 

Weight Increments (mg./sq. dm.). 

Expt. Values. 

1 Calculated Values. 

yz. 

ya. 

minium also con- ’ 

formed to equation 0*4 

{7). Evans put i-o 

forward the follow- 2*0 

ing equation to 3‘0 

account for the 
“ general shape ” of 

Vernon’s curves, 
dy/d^ = ^(y —y). 13*0 

This is similar to 
equation (2) (p. 597) 
where ft == a and 

0*090 

0*122 

0*157 

o*i8S 

0*207 

0*227 

0^241 

0*240 

0*254 

0*261 

0*288 

0*293 

0*089 

0*123 

0*164 

0*190 

0*208 

0*228 

0*238 

0:244 

0*255 

0*259 

0*286 

0*294 

^ = yoo* 


Evans suggested that this ultimate corrosion value represents the surface 
layer of metal disturbed during the preparation of the specimen, and that 
corrosion ceases when it reaches the ” undisorganised ” metal below : 
but since the metal was hard rolled it would be worked throughout its 
thickness. Moreover this explanation is not applicable to Steinbeil's 
condensed aluminium foil ” or to the specimens used by the author : 
the ultimate corrosion of the latter specimens was equivalent to a depth 
of about 0*0001 in, (Fig. 4), whereas X-ray examination showed that the 
specimens were worked to a depth of about o*oi in. (p. 594) and were then 
fully recrystallised on annealing. Evans has since suggested mechanical 
cracking of the film to account for the shape of Vernon’s curves but has 
not developed this argument mathematically. 

It may be noted also that the equation given above for the first part 
of Vernon’s curve involves an induction period of — 0*75 day, which shows 
that the curve would not follow this equation from the origin. Vernon’s 
earliest observation was made after 0*4 day exposure, while Table IV 
indicates that the logarithmic equation is applicable only to the initial 
portion, probably less than 0*2 day, of Steinheil’s curve. It seems quite 
possible therefore that there was an unobserved logarithmic initial portion 
to Vernon’s curves, so that the form of these curves shows no divergence 
from that of Steinheil’s curves. 

Bryan and Morris have published corrosion-time curves for 

Vernon, Trans. Faraday Soc,, 1927, 23, 150. 

Evans, Trans. Elecirochem. Soc., 1943, 83, 340. 

Bryan, Rep. Food Invest. Board, Dept. Sci. Indnsi. Res., 193S, 217. 

Bryan and Morris, J. Soo. Chem. Ind., 1940, 59, 159, 

22 
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aluminium of various purities (ranging from 99*2 to 99*992 %) in an al- 
kaline, buFered solution of pK 1078 in the presence and absence of oxygen. 
Corrosion was assessed by determining the loss of weight of the specimens : 
the lower accuracy (as compared with the gasometric method) and the 
practical difficulty of obtaining frequent determinations by this method 
render the results unsuitable for detailed mathematical analysis. Their 
results are in qualitative agreement with those given in the present paper, 
however, despite the marked difference in corrosion conditions. The curves 
for the 99*992 % aluminium were similar to those of Fig. 4 except that 
the step in the curve (i,e, the minimum in the corrosion rate) and the 
inflexion F were not evident. With the less pure metal the initial increase 
in corrosion rate was much less and, in fact, was evident only in one case 
wh^re more frequent determinations had been made. 

The similarity in the form of the corrosion-time curves observed for 
these diflerent metals under various conditions suggested that the cor- 
rosion or oxidation is controlled in each case by the same type(s) of oxide 
film. The fact that no acceleration but only deceleration of corrosion 
was observed in the atmospheric corrosion tests is in accordance with the 
explanation put forward for the acceleration observed by the author 
(pp. 604-05), since the salts giving rise to corrosive corrosion products 
would not be likely to occur in sufficient quantities in those atmospheres. 
Steinheil's experiments apparently included (during the early stages) a 
type of alumina film not usually observed, since corrosion tests on alum- 
inium almost invariably start on film-covered metal : on the other hand, 
the evidence for the exponential equation (2) is perhaps less convincing 
under the dry conditions employed by Steinheil. 

Later Part of Curves. — Consideration of the later part of the corrosion- 
time curves shows further similarity between the results obtained by the 
author and other workers. Thus, the values for oxygen absorption ob- 
served for zinc (specimen A68) in N./5000 potassium chloride solution ^ 
are given in Table VI, together with the values (yj calculated by Bengough, 
Stuart and Lee, assuming the parameters of equation (7) to remain con- 
stant throughout, and the values (y^ and calculated by the present 
author, allowing for changes in the value of the parameters at the in- 
flexion F (p. 597) : the total corrosion curve for this specimen appeared 
to be similar to the oxygen absorption curve, but insufficient information 
was available to check this similarity mathematically. The close agree- 
ment between the observed and the calculated values when the inflexion 
F is recognised demonstrates the occurrence of that inflexion with zinc 
and the applicability of the exponential equation (7) beyond that in- 
flexion : the values given in Table V show that the same is true for 
aluminium exposed to air. (Apparently SteinheiTs curve detailed in 
Table IV had not reached the inflexion F). Further similarity between 
these results is shown in Table VI in which the relations between the 
parameters of the equations given in Tables V and VI are compared with 
the mean values of the author's observations (columns W and X of Table II) . 
This agreement, especially in the position of the inflexion F relative to 
the ultimate corrosion, for these varied experimental conditions and 
between individual experiments made by the author (p. 600), supports 
the view that in each case the corrosion is controlled by the same type of 
film : it also indicates a fundamental change in the character of the film 
at this inflexion, the nature of which requires further investigation. The 
occurrence of the inflexion in the oxygen absorption curve for zinc, and 
the total corrosion curve for aluminium in air, indicates that the inflexion 
observed in the hydrogen evolution curve by the author was not due to 
any abrupt change in the proportion of corrosion accounted for by hydrogen 
evolution. 

ib 

Champion, A.S.T.M.-A.I.M.E., Symposium on Stress Corrosion Cracking, 
1944, Preprint No. 17. 
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On continuing the exposure of his specimens beyond the period con- 
sidered in Table V, Vernon observed breaks in the curves which he 
attributed to cracking and subsequent repair of the film. It seems un- 
likely that such breaks would occur on immersed specimens in laboratory 
tests, especially since they occurred on the same date with different 

TABLE VI.* — Corrosion of Zinc as Observed by Bengough, 
Stuart and Lee. 



True Oxygen Absorbed (c.c.). 

Time (davs) 

(ih ' 

Expt, Values. 

Calculated Values. 


yi- 

72. 

73 . 



2*8 

2-9 

3*0 



4 

7.9 

7.9 

r8 

— 

6 

12*5 

12-3 

12-2 

— 

8 ■ 

i6*4 

i6‘2 

16*3 

— 

TO 

19*75 

, 19*7 

19-8 

— 

12 

22-65 

22-65 

22-S 

■ — 

14 

25*3 

35-38 

25*5 

— 

16 

27.7 

27-7 

27-8 

— 

1.8 

29-8 

29-8 

29*7 

— 

20 

31*5 

317 

31*4 

— 

24 

34-6 

34 -S 

34-7 

— 

28 

37 'i 

37-6 

37-1 

— 

34 

39*9 

40-0 

39-8 

— 

40 

41*6 

41-7 

41*5 

— 

46 

42-6 

42*9 

42-7 

42-7 

50 

43-1 

43*4 

— 

43*0 

60 

44-0 

44*3 

— 

43*9 

70 

44-75 

44-8 

— 

44-8 

80 

45-6 

45-1 

■ — “ 

45 *b 

100 

47-0 

45*3 

— 

47-0 

150 

49-6 

45*4 


49*6 


* yi — values calculated by Bengough, Stuart and Lee. 
= 45*3[i — e — 063 (« — 8 )j_ 

^3 = 56 *i[i — e — ’OOesCf-f 500)j^ 


TABLE VII. — Constancy in Relations of Parameters. 


Metal. 

Corrosive 

Agent. 

Parameters. 

Relations of Parameters. 

Positioa of 
Inflexion F 
{a). 

(6). 

(d. 

il)o. 

{c) '°* 

io) 

Aluminium . 

Chloride 




79 

13 

Zinc . 

Chloride 

42-7 

45*3 

5 b’i 

76 

19 

Aluminium . 

Air 

0-240 

0*245 

0-305 

79 

20 


specimens irrespective of the time for Avhich the specimen had been ex- 
posed, thus suggesting that they were due to variations in the exposure 
conditions. In this connection, it is interesting to note that in Bryan’s 
experiment corrosion had ceased after 2 days’ immersion and no further 
loss of weight was observed during the ensuing 5 days’ immersion. 
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Summary. 

The corrosion of pure aluminium specimens totally immersed in a 
horizontal position in normal potassium chloride solution has been studied 
by periodical measurements of the hydrogen evolved and the oxygen 
absorbed. Irregularities in the corrosion-time curves and other abnor- 
malities have occurred in many cases and require further investigation, 
but the typical corrosion -time curves appeared to be similar to those 
reproduced bn a small scale in Fig. 4. The step in these curves is attributed 
to lack of synchronisation in the corrosion processes at the top and bottom, 
surfaces respectively. The simple curve for a surface corroding under 
uniform conditions appears to be similar to curve (A) of Fig. 8. During 
the early stages the corrosion rate increases according to the following 
equation, probably owing to the effect of corrosion products on corrosion 

dy/d^ = j8 -h ay 

where y is the corrosion, t the time of exposure and ^ and a are constants : 
when a certain loss of metal has occurred the corrosion rate declines ac- 
cording to the following equation,' probably owing to the formation of a 
protective film ; — 

dy/di? = j3 — ocy. 

The integrated form of this equation may be expressed : — 
y — ^/a [i — e— M] 

where i^/a = yco — ultimate corrosion t when y = o. 

Slight changes in the values of the parameters p and a caused a slight 
inflexion in the curve when 79 % of the ultimate corrosion had occurred : 
this inflexion may be associated with a critical stage in film formation. 
Over a considerable proportion of the curve, the proportion of corrosion 
due to hydrogen evolution bore a linear relation to the total corrosion 
which had occurred, which suggests that the hydrogen evolution was 
then controlled by the effect of impurities in the metal on the overvoltage. 

The corrosion-time curves were more reproducible on the basis of the 
amount of metal corroded than on a time basis. The variations in the 
time intervals between the inflexions in the curves, which were more 
marked in the earlier stages of corrosion, appeared to be associated mainly 
with the corrosion conditions, but the corrosion rate was not controlled 
by the rate of supply of oxygen to the specimen. The smaller variations 
in the metal corroded at the later inflexions of the curve appeared to be 
associated with the characteristics of the metal. 

Many of the features of these corrosion-time curves for aluminium 
show a marked resemblance to those obtained for zinc under similar 
conditions and for aluminium under different conditions by other workers, 
although the explanations put forward by those workers do not always 
apply. 

The author is indebted to the British Aluminium Co. Ltd., for per- 
mission to publish this paper, and to Dr. A. G. C. Gwyer, Scientiflc Manager 
of the Company, under whose general direction the work proceeded. He 
also wishes to record his thanks to his colleague^ in both the Laboratories 
and Works of the Company, and especially to Mr. N. D. Pullen, F.R J.C., 
and Mr. E. E. Spillett, B.Sc., A. Inst. P. for their valued assistance and 
advice. 



THE MECHANISM OF THE HYDROLYSIS OF 
TRIMETHYL ORTHOPHOSPHATE. 
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In recent years tte mechanisms of the acid and alkaline hydrolysis 
of carboxylic esters and of the acid catalysed esterification of carboxylic 
acids have been studied extensively by the use of the heavy oxygen isotope 
as indicator. It seemed of interest to extend this work to the esters of 
non-carboxylic acids. 

The experiments described below deal with the hydrolysis of the tri- 
methyl ester of orthophosphovic acid. The mechanism of hydrolysis has 
been studied in presence of excess NaOH, in excess of dilute HCl and under 
conditions of autohydrolysis z.e. in a solution which is initially neutral 
but which becomes progressively more acid as the products of hydrolysis 
accumulate. 

Method. 

The essential feature of the experiments is the hydrolysis of the tri- 
methyl phosphate in presence of water containing excess of heavy oxygen 
isotope (O^®), followed by the isolation of the methyl alcohol produced and 
determination of its heavy oxygen content. If the alcohol is found to 
contain the normal percentage of heavy oxygen this indicates that the 
overall change taking place during hydrolysis is : 

^'oMe 3 i / 

0 = P~0Me + |H|6H^ 0 = P-OMe-f MeOH. . (i) 

\ OMe ^ OMe 

* 

the symbol O denoting oxygen which is enriched in the heavy isotope. 

If, however, the heavy oxygen content of the alcohol is greater than 
normal the hydrolysis must have proceeded — ^wholly or partly — ^by the 
reaction : 

/ O i Me y OH 

O = P - OMe HO ; H -> O = P - OMe -|- MeOH. . (2) 

\0Me \0Me 

The results will not, of course, indicate whether the actual hydrolytic 
agent is a water molecule as written above, a hydroxyl ion or a hydrox- 
onium ion. 

The above argument presupposes that there is no exchange of oxygen 
between water and methyl alcohol. According to Cohn and Urey ® no 
such exchange is detectable in 7 hours at 100° C. According to Datta, 
Day and Ingold ^ the same holds true at 100® C. in presence of N./2 HCl. 
Roberts and Urey ® report no exchange in alkaline solutions at 70° C, 

^ Polanyi and Szabo, Trans. Faraday Soc., 1934. 5^3. 

Datta, Day and Ingold, J. Chem, Soc,, 1939, 838.. 

^ Roberts and Urey, J. A7ner. Chem. Soc., 1938, 60, 2393. 

^ Hughes, Ingold and Masterman, /. Chem. Soc., 1939, 840. 

^ Cohn and Urey, J. Amer. Chem. Soc., 193S, 60, 679. 

® Roberts and Urey, Ibid., 1938, do, 880. 
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These results are incidentally confirmed by our own experiments re- 
ported below. 

The interpretation of the results is complicated by the following 
considerations : 

(a) The main reaction, hydrolysis, is complicated by side reactions 
as under, viz. : — 

Dimethyl ether is formed either by the attack of methyl alcohol (pro- 
duced by the hydrolysis) on the ester 

MeaP04 + MeOH -> Me^O + Me2HP04 . . (3) 

or by the reaction 

Me3P04 Me^O + MePOg . . . (4) 

possibly followed by : 

MePOg + HaO -^MeH3P04. . . . (5) 

In the presence of hydrochloric acid demethylation of the ether takes 
place : 

MeaO + HCl MeCl + MeOH, . . (6) 

Methyl chloride is also formed both by esterification of the methyl alcohol 
and by the relatively rapid reaction ; 

Me3P04 -h HCl Me2HP04 + MeCl. . , . (7) 

In alkaline solution and under conditions of autohydrolysis these con- 
siderations do not disturb the main reaction appreciably. They decrease 
the yield of methyl alcohol but all the alcohol found is produced by the 
hydrolysis and the isotopic composition of the water and of the alcohol 
both remain unaffected. 

In presence of HCl however reactions 4 and 6 together provide a source 
of " normal methyl alcohol independent of the hydrolyses, though the 
proportion of heavy oxygen in the water remains unaffected. 

In our experiments the amount of HCl initially taken has been limited 
to 10 mole per cent, of the ester. This makes the initial mixture ap- 
proximately molal in HCl but prevents excessive formation of methyl 
chloride. By the time that the amount of HCl has been appreciably 
diminished by the above side reactions sufficient hydrolysis has occurred 
to maintain the acidity of the mixture. In the autohydrolysis experiments 
the mixture, although initially neutral, has a final acidity not very different 
from that of the acid hydrolysis series. 

(Zj) The heavy oxygen content of the water used may be reduced either 
by exchange of oxygen between the water and the glass walls of the re- 
action vessel or by exchange reaction between the water and the ester 
such as 

(MeO)3PO + H26 (MeOjaPO + HaO. 

It is therefore desirable to determine the concentration of heavy oxygen 
in the water at the beginning and end of each experiment. 

(c) It is conceivable that the mechanism of hydrolysis may be different 
for the removal of the first and second methyl groups. It is therefore 
necessary to determine the extent to which hydrolysis has proceeded. 

Experimental. 

Materials used. — The heavy oxygen water was prepared by Hertz’s 
method of fractional diffusion through mercury vapour.'^ The water 
used had an excess density of about 200 p.p.m. The trimethyi phosphate 
was obtained by the fractionation of the commercial product in vacuo. 

The caustic soda required for the alkaline hydrolysis was prepared in 

’ Hertz, Z. Physik, 1934, Sio. 
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situ by the action of the heavy oxygen water on metallic sodium. The 
required amount of sodium was obtained by the decomposition of the 
calculated quantity of sodium azide. 

Preparation of the Reaction Mixtures. 

The reaction vessel was made of German soda glass and had a capacity 
of about 10 ml. 

In the alkaline hydrolysis series the desired weight of sodium azide 
was first introduced and decomposed by heating to 350*^ C. in vacuo. The 
nitrogen was pumped off and the required quantity of water distilled in 
and allowed to react with the sodium. After pumping ofi the hydrogen 
the ester was. distilled into the mixture, the vessel 
was sealed ofii, and heated at 100-110° C. for 18-24 _ 
hours. 

The neutral and acid mixtures were prepared 
in a similar way, the sodium azide being omitted. ^ 

The composition of the mixture was approxi- 
mately : water 14 millimol., ester 2 miilimol. to- 
gether with either 3 millimol. NaOH or o*i8 HCl. 

Analysis of the Reaction Products. 

The reaction vessel was connected to a vacuum 
line and the volatile constituents distilled into a 
small tap vessel cooled in liquid air. 

The reaction vessel was then broken up in 
distilled water and the phosphoric acid residues 
estimated by titration with caustic soda using 
phenolphthalein and methyl orange as indicators 
according to the method of Cavalier.® 

The mixture of volatile and gaseous components 
was warmed up to room temperature and the 
vapours allowed to escape into a vessel of known 
volume. The pressure developed gave an approxi- 
mate measure of the methyl chloride plus ether 
formed during reaction. In the case of the acid 
hydrolyses the volatile components were distilled 
on to 2 mgm. of pure calcium oxide. (The conse- 
quent loss of heavy oxygen was allowed for.) No 
attack by HCl on the quicklime was observed 
indicating that practically all the HCl has been 
converted into methyl chloride. From these 
measurements the extents of hydrolysis and “ de- 
composition of the trimethyl phosphate can be 
estimated. 

The remaining water-alcohol mixture was dis- 
tilled into the fractionating column shown in Fig. i. 

Fig. I and the greater part of the methyl alcohol 

isolated. This fractionating column is an adaptation of the rectification 
flask" developed by Benedetti-Pichler and his co-workers. ^ The boiler 
AB was filled with glass-wool and surrounded by a closely fitting glass 
tube wound with nichrome ware and heated to 240° C. The bulbous 
part BC of the column served to steady the ebullition, the fractionation 
taking place along the portion CD. The distillate was caught in the 
graduated capillary EF. After fractionation was completed the column 
was sealed off at C'. 

The fractionation was carried out in an atmosphere of dry air. With 
® Cavalier, Compies Rendues, 1898, 127, 60. 

® Gettler, Niederl and Benedetti-Pichler, Microchemie, 1932, ii, 173, 
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room temperatures of 'between i8° and‘25° C. such columns were found 
to deliver distillates of pure methyl alcohol at pressures down to 14 cm. 
Hg, the optimum yields being obtained at the lowest pressures, The 
columns were tested with mixtures of 200 cu. mm. water and 90' cu. mm. 
methyl alcohol, corresponding in quantity and composition to those ob- 
tained from the hydrolysis products. From 70-90 % of the methyl alcohol 
was recovered in the pure stare from these test solutions. 

Purity of the Methyl Alcohol. — ^To detect small amounts of water in 
the methyl alcohol an adaptation of Emich's micro boiling-point method 
was used. Three pairs of boiling-point capillaries were prepared, as 
shown in Fig. 2, one of each pair being filled with pure methyl alcohol 

dried over metallic calcium, 
[Jl the other with the alcohol to 

be tested. The capillaries 
were heated in a well-stirred 
water bath, the rate of heat- 
ing being reduced to 1° C. 
per minute on approaching 
the boiling range. On reach- 
ing the boiling range the 
droplets were observed during 
their period of steady ascent. 
Tests showed that with al- 
cohol containing i mol. % 
water the droplets lagged 
behind those from pure 
methyl alcohol by about 
3 cm. Three pairs of capil- 
laries were used to obviate 
erratic results due to imper- 
fectly filled capillaries. 

Determination of the 
Heavy Oxygen Con- 
tent. 

[a) In the Methyl Alcohol. 
— The heavy oxygen content 
of the methyl alcohol was de- 
termined by converting the 
oxygen into water an d measur- 
ing the excess density of the 
latter. 

The alcohol was decomposed into carbon monoxide and hydrogen 
by circulation of the vapour over a white-hot platinum filament. Any 
undecomposed methyl alcohol was frozen out in a liquid air trap and the 
carbon monoxide reduced to water and methane by circulation with excess 
of hydrogen over a nickel catalyst. The details of this method, including 
the subsequent purification of the water produced, are described fully in 
a previous paper by Herbert and Lauder. The excess density of the 
water was determined by the micropyknometer method of Gilfillan and 
Rolanyi.12 'pjjQ probable error of the density determination is about 
2 parts per million. 

(b) In the Water. — ^The water residues from the fractionation described 
above were vaporised and the vapour circulated over a white-hot platinum 
filament to decompose methyl alcohol and other organic impurities. The 

^^^Ernich, Monaisch. Chem,, 1917, 38, 219. 

Herbert and Lauder, Trans. Faraday Soc,, 1938, 34, 432. 

^2 GiXfilian and Polanyi, Z. physik. Chem,, 1933, 166, 254. 
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water was frozen out in a trap cooled to — C. and the gaseous decom- 
position products pumped off. This process was repeated three times 
and the density of the water determined. A small correction has to be 
made for the exchange of oxygen between the water and the carbon 
monoxide produced by the cracking of the organic impurities. During 
the experiments on alkaline hydrolysis rather poorly reproducible results 
were obtained for the density of the water. Refinement of the technique, 
in the direction of more efficient “ cracking led to considerably better 
reproducibility in the work on autohydrolysis and hydrolysis in acid 
solutions (cf. Table I). 


TABLE I 


Expt. 

/iipHoO init. 

ApHgO final. 

Ap alcohol. 

Hydrolysis + 
Decomposition. 

Decom- 

position 

Ay 

A 8 

A9 

iSl 

181 

I9S 

Alkaline hydr< 

159, 163, 172 

155. 170. 172, 177 

172, 174, 198, 203, 
210, 242 

□lysis. 

° [ 
rl 

ist stage 90:100 % 
2nd stage 20-30 % 

20% 

Bi 

B2 

B 3 

B 4 

0 

188 

188 

188 

Autohydrolj 

184. 1^5 

184, 190, 190 

i^sis. 

4 '! 

163 1 
134. 136 1 

124, 129 J 

i 

ist stage 90-100 % 
2nd stage 90-100 % 

20% 

Cl 

C2 

C 3 

H M 

00 00 

CO 00 0 

Acid hydrob 

175. I 79 > 180 

y^sis. 

o] 

II4, II8 

II9J 

- 

ist stage 90-100 % 
2nd stage 60 % 

30% 


Results. 

The results are summarised in Table I. ApHgO (initial) gives the excess' 
density (in parts per million) of the heavy oxygen water used in the 
experiments. 

ApHaO (final) is the corresponding figure (where measured) for the residual 
water after the hydrolysis has been carried out. 

Apaicohoi is the excess density of the water into which the alcohol 
produced in the hydrolysis is converted (for purposes of estimation). 
Each figure in these columns refers to a density determination on a separ- 
ately purified sample of water. In column 5 under the heading % 
hydrolysis + decomposition is given the % of the methyl groups of the 
ester which have been removed whether as alcohol or, by side reactions, 
as dimethyl ether or methyl chloride. 

" ist stage refers to the conversion of trimethyl ester into dimethyl 
ester and “2nd stage" to conversion of the dimethyl ester into mono- 
methyl ester. These figures are calculated from the titrations of the acid 
residues with caustic soda. 

Column 6 “ % decomposition " gives the amount of dimethyl ether 
plus methyl chloride formed, and is estimated from the pressure developed 
by the volatile products as described above. 

The figures in column 5, calculated from the titration of the acid re- 
sidues, show that the first methyl group has been completely removed in 
22 * 



6i6 HYDROLYSIS OF TRIMETHYL ORTHOPHOSPHATE 


all cases and that considerable attack has taken place on the second methyl 
group, the removal of the latter being almost complete in the autohydrolysis 
series. Since it is unlikely that one stage proceeds to completion before 
the attack on the next alkyl group commences, it may be fairly concluded 
that the results involve the mechanism of hydrolysis of all three methyl 
groups of the ester. 

The figures in column 4 show that in the alkaline solution the hydrolysis, 
has proceeded entirely by the breaking of the P — OMe bond, presumably 
by some mechanism as the following : — 

y OMe ^ OMe 

O ^ P - OMe + OH- ^ O ^ P - OMe -f .OMe- 
\ OMe \ OH 

OMe- + HOH MeOH + OH". 


The results incidentally confirm the absence of oxygen exchange be- 
tween water and methyl alcohol under our experimental conditions. The 
figures for the density of the '' heavy water at the end of the experiment 
(column 3) do not show good agreement among themselves probably 
owing to insufficient purification in the earlier experiments. 

In the antohydrolysis and acid hydrolysis series the density of the 
water decreases little, if at all, during the experiment. The figures here 
agree well among themselves and indicate that exchange of oxygen from 
the water has not taken place to any appreciable extent. 

The figures for the heavy oxygen content of the alcohol produced are 
not quite unambiguous. They show definitely that 70 % of the hydro- 
lysis has resulted in the splitting of the O — ^Me bond of the ester, e.g, by 
a mechanism of the type 

^ OMe ^ OMe 

O == P - OMe + H-i- H +0 - F- OMe 
\ OMe \ OMe 


H+O- 


^OMe 

OMe 




O - : Me -h H - O 


- H HO 


^OMe 

P OMe -1- MeOH -f H+ 
*^0 


Neither the precise point of attachment of the proton nor the degree of 
synchronisation of the removal of the methyl group and the attachment 
to it of the hydroxyl group are decided by the results of our experiments. 

The fact that the excess density is only 120 instead of 188 p.p.ni. may 
be due to the dilution with “ normal ” alcohol produced by the side re- 
actions considered earlier in this paper, or to a different mechanism of 
hydrolysis of the third methyl group leading to normal instead of heavy 
alcohol. Another possibility is that two different hydrolysis mechanisms 
proceed simultaneous!}?-, the faster reaction yielding "'heavy'' alcohol, 
the slower one yielding " normal " alcohol. 

The fact that the increased decomposition in the acid hydrolysis series 
is accompanied by the formation of a lighter alcohol rather favours the 
view that the deficiency in heavy oxygen content is due to dilution with 
normal methyl alcohol produced by the side reactions 4 and 6 above. 

Further work on the isotopic composition of the ether formed is 
necessary to clear up this question. 

• In conclusion we wish to thank Professor Polanyi for helpful advice 
and criticism dilring the course of the work. 



E. BLUMENTHAL AND J. M. HERBERT 


617 


Summary. 

All investigation has been carried out on the hydrolysis of trimethyl 
o/'iJ/^ophosphate using -water enriched in heavy oxygen as indicator 

The results show that during hydrolysis in alkaline solution the P — OMe 
bond of the ester is broken but that when the solution is acid or neutral 
the . O— Me bond breaks preferentially. 

Department of Chemistry^ 

The University, Manchester 13. 


EXTRAPOLATION OF THE EXPERIMENTAL 
* CRITICAL TEMPERATURES OF THE 
NORMAL PARAFFINS. 

By J. Corner, 

Received 6 th March, 1945. 

[Communicated by Prof. J. E. Lennard -Jones.) 

1. Introduction. 

The following attempt to extrapolate the observed critical tempera- 
tures of the normal paraffins was carried out to make possible a test of 
a theory of the critical temperatures of high members of the series. The 
results are presented separately because it is believed that they are of 
interest in themselves. ""The critical temperatures of the higher members 
are well over 600° k., so that appreciable decomposition takes place during 
experimental work in the critical region. This makes the extrapolated 
results of particular value ; while critical temperatures as such are not 
of much importance in this region there is still considerable value in the 
scale of ' reduced temperatures ' provided thereby. 

Experimental results are known from methane to ^^-octane, and the 
extent of the available data is reduced by the fact that it is difficult to 
embody results for methane and ethane in formulse fitting the higher 
members. This is a well-known feature of physical properties of a homo- 
logous series, and appears, for example, in the melting- and boiling-points 
of the paraffins. We exclude methane and ethane from our discussion. 

Formula of various types have been fitted to the observations and it 
has been found that certain simple formulse fit the experimental data with 
errors little greater than the uncertainties of the latter. These formulae 
have been used for extrapolation to higher members of the series, and 
define a band within which one may expect the true critical temperatures 
to lie. This band is narrow at first but widens as one proceeds towards 
the higher members, and the uncertainty in the extrapolated critical tem- 
perature becomes of order 5 % for CgsHfig. For many purposes this would 
mark the, limit of use of the extrapolation. The uncertainty increases 
rapidly thereafter. The fact that the experimental results can be repre- 
sented with errors of only o-i° C. by formulae with only three arbitrary 
constants, indicates that the observed results are not likely to be altered 
greatly in the near future. The uncertainty remaining in the extrapola- 
tion can be reduced only by determination of critical temperatures for 
higher paraffins than ^^-octane. 

2. Data on Critical Temperatures and Boiling-points. 

Relations between the critical temperature Tc and the boiling-point 
Tu have been found useful in extrapolation of ; accurate values of Tb 
are known up to Cig while Tc is known only as far as Cg. 
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Since the summaries of Cox,^» ^ there have been a number of experi- 
mental re-determinations and several critical compilations of data, such 
as those of Eglo:ff, Sherman and Dull,"^ Deanesley and Carleton,^ and 
Francis.® It is believed that the values listed in Table I are the best 
available at present. Their general accuracy is shown by the results of 
section 3, where it is shown that formulae with only three arbitrary con- 
stants can be made to fit the observed values of Tq with errors of order 
o-i"^ C. As some of these formulae involve as well as Tc this checks 
both Tb s^nd Tc up to C3 to an accuracy of about 0*1° C. 

Methane and ethane are omitted from Table I because it is usual to 
find that simple formulae for the . variation of the physical properties of 
normal C^Ha^-f-a with change in n, break down ior n ~ 1 and rather less 
violently for = 2 [of. Cox/ Egloff, Sherman and Dull/ and Francis ® 
with reference to vapour pressures). 


TABLE I. — Experimental Boiling-points and Critical Temperatures 
OF Normal 


n 

3 

4 

5 

6 

7 

8 

Tb "k. 

Tc 

231-0 O' 

370*0 ‘J- ^ 

272*7 

426*4 * 

309*2 e. ii. 1 

470-4 1* 

341-98. U 

508-0’’ 

37 i* 6 i’j 

540*1 

3g8-8s.i1.it 

569-4“ 

n 

9 

10 

II 

12 

13 

14 

Tr , “K. 

423 * 9 S»ii. b J 

447-2 B.u 

' 

469*0 s 

489*4 

508*7 m 

526*8 ^ 

n 

15 

16 

17 

18 



Tb °k. 

543 ' 8 ” 

559-7 

574 - 6 “ 

588-5“ 




a Hicks-Bruun and Bruun, /. Amer. Chem. Soc., 1936, 58, 810, recommended 
by Burgoyne, Proc. Roy. Soc. A, 1940, 176, 280. 

^ Young, Sci. Proc. Roy. Soc. Dublin, 1909, 12, 389. 
c Deschner and Brown, Ind. Eng. Chem., 1940, 33, 836. 

Dana, Jenkins, Burdick and Timm, Refrig. Eng., 1926, 12, 387. 

« Aston and Messerley, J. Amer. Chem. Soc., 1940, 63, 1917. 

^ Seibert and Burrell, ibid., 1915, 37, 2683. 
e Shephard, Henne andMidgley, ibid., 1931, 53, 1948. 

^ Mair, Bur. Stand. J. Res., 1932, 9, 457. 

1 Smittenberg, Hoog and Henkes, J. Amer. Chem. Soc., 1938, 60, 17. 

3 Smith and Matheson, Bull. Bur. Stand,, 1938, 20, 641. 

^ Wojciechowskx, Proc. Amer. Acad. Arts Sci,, 1940, 73, 363. 

1 Mair and Streifi, J. Res, Bur. Stand., 1940, 34, 395. 

From compilation of Deanesley and Carleton, J. Physic. Chem., 1941, 

45, 1104* 

3. Formulae for Extrapolation of the Critical Temperatures. 

The following * formulae, each involving two arbitrary parameters, 
were fitted to the experimental results for ^ = 3 to 8, In these and all 
other f 9rmul2e in this paper temperatures are given in degrees Kelvin and 
logarithms are to base 10. Three relations between Tc and n were tested : 

T;^ = a 4- . . . . (i) 

Tc= ex, ^jn . . . ‘ (2) 

log Tc = a + j 9 1og^ (3) 

The third is due to Aten.^ The mean deviations are respectively 2*3°, 
10*0° and 2-8° k. Four relations between Tq, T^ and n were also tried : 


T,IT^ = a + |8 log (Te/Fo) 

• ( 4 ) 

^'c/T'b = a + pn 

• (5) 

T'b/T’c = a + 

- (6) 

To. = a + /STj. . . 

- (7) 
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Vc is the critical volume per mole. The first of these formulae was derived ® 
from a theory of liquids due to Lennard- Jones and Devonshire, and though 
the theory assumes spherical symmetry of the molecules the relation (4) 
is the most successful of all these two-constant formulae. With the 
constants taken as a = 1*3696, jS = 0*8369 the mean deviation in To is 
only 0*4° k. The mean deviations of (5), (6) and {7) are respectively 
1*5, i-o and 3*7° k. The form (7) was proposed as an empirical relation 
by Livingston, who also gave a more accurate formula with a term 
on the right-hand side. 

The following relations with three arbitrary parameters were tested 


in the same way : 

log Te = a + jS log (tz -f- y) . ■ . . (8) 

Te = a - 1 - ^ log (w + y) . . . (9) 

log Tc = a -j- log w -{- y^^ . . . (lo) 

log (Tc/n) = (a + M/(^ -h yn) . . . (ii) 

log (Te/n) == a -h jSn -h yn^ .... (12) 

= a -}- -j- yn-^ . . . (13) 

To= {a-h M/{^ + . . . ( 14 ) 


Some of these are familiar. For example, type (9) with Tf in place of To 
has been applied to the melting-points of the paraffins by Moullin and 
with T-q in place of Tc has been used to represent the boiling-points of 
aliphatic hydrocarbon series “ (Egloff, Sherman and Dull’). Best of 
(8) , . . (14) are (8) and (ii), which have root-mean-square deviations 
between o*i and 0*2® k. Of the others, only (9) is better than (4) and 
that only by a trivial amount. 

An attempt was now made to add a third term to (4), the best of the 
two-constant formulae. It was found that 

Tc/Tb = oc -i- ^ log (Tc/Fc) + yw . . . (15) 

and To/T^ = a ^ log (Tc/Fc) + yn^ . . (16) 

were as good as (8) and (ii). Finally modifications were made to the 

forms (8) and (ii) in the hope of further improvement, but none of the 

alternatives tested showed a mean deviation less than double that of 
(8) and (ii). 

Inserting the numerical constants, we arrive at 

rc/Ts = 1*22616 -f 1*19521 log (Te/Fc) -f- 1*5216 X lo-hi (15a) 

Tc/Tb = 1*33721 + 0*94631 iog (Tq/Fc) + 4*2545 X io-%2 

log To = 2*47519 + 0*3340 log (n ~ i*i) . . . {8a) 

and log {To/n) = (2*37574 -\- o*i62956n)/(i + 0*123296^), . . (iia) 

To use {i^a) and (16^1) for extrapolation we need which is known up 
to n == 18. The critical volume Fc is also required, but this can be 
estimated with sufficient accuracy from the critical density of 0*234 
This is the value observed by Young for n = 5, 6, 7 and 8. 

In Fig. I we show the extrapolated critical temperatures up to n = iS, 
calculated from (15(2), (i6a), (8a) and (iia). The greatest deviation 
from the mean is 18° k., at ^ — 18 ; this is a deviation of just over 2 %. 
Also shown on Fig. 1 is an extrapolation of Young's critical temperatures 
for = 5, 6, 7 and 8, carried out by Wilson and Bahlke.^® This is not 
seriously out of line with our extrapolations. 

The behaviour of (8a) and (iia) for n greater than 18 is shown in 
Fig. 2. The increasingly rapid divergence continues for all values of n, 
for it can be seen that for sufficiently large n, (8a) leads to To oc 
whereas (iia) gives To oc n. The deviation of these curves from their 
mean reaches 5 % at = 25, so that the extrapolation beyond this point 
is of little use for either theory or practice. Further progress appears 
to require either the measurement of critical temperatures on paraffins 
above 7^-octane, or the correlation of physical properties with To followed 
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by observation of such properties on high members of the series. The 
first alternative cannot be pushed far, because of decomposition during 
the experiments. The second alternative would not require such high 



Fig. I. 

Critical tem- 
peratures of the 
normal paraffins 
up to extra- 

polated by the 
empirical for- 
mulae (iia), 

(I5^e) and (i6a), 
together with an 
extrapolation 
by Wilson and 
Bahlke. 



Fig. 2. 

Critical tem- 
peratures of 
the normal 
paraffins above 
Cjfl, extrapo- 
lated by for- 
mulan (8a) and 
(iia) of the 
text. 


temperatures but the lower accuracy of determination would make it 
worth while only at values of n of, say, 20. The possibilities of cor- 
relation with Tc are shown in the work, of Egloff and Kiider « on molar 
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volumes of the liquid hydrocarbons, and Katz and Saltniaii ® on surface 
tensions of the normal paraffins. 

It might be expected that formulae of types (8) and (ii) would be 
superior to type (9) as a representation of the boiling-points of the normal 
paraffins. This is not the case. The form (9), used by Egloff, Sherman 
and Dull,’ is much superior to the others. Our list of boiling-points is 
slightly different from those of Egloff , Sherman and Dull, ’ and by a least- 
squares fit to the data from C3 to Cia we find as best constants : 

Tb = 726-98 log {n 4'i) - 388*03 . . (17) 

whose results differ very little from the formula 

Tb == 745*42 log {n 4 - 4*4) — 416*31 

9 

recommended by Egloffi Sherman and Dull. The root-mean-square 
deviation from {17) is only 0*3° k., compared with best values of 1*5° K. 
and 2 * 2 ° K. from the formulae analogous to (8) and (ii). 

. Summary. 

It is shown that the observed critical temperatures of the normal 
paraffins from propane to ^-octane can be represented by four formulae, 
•each with three arbitrary parameters, with deviations of order o-i® k. 
The use of these formulae enables one to. estimate critical temperatures 
of the higher paraffins, with an uncertainty which is small at first and 
increases rapidly later. The uncertainty is of order 5 % for n — C25H52, 

I am indebted to Professor J. E. Lennard- Jones, F.R.S., for his interest 
in this work, and to the Director-General of Scientific Research and 
Development, Ministry of Supply, for permission to publish this note. 

Armament Research Department, 

Ministry of Supply. 

^ Aten, J. Chem. Physics, 1937, 5 > 264. ‘ 

2 Comer, Trans. Faraday Soc,, 1940, 36, 781. 

^ Cox, Ind, Eng. Chem., 1935, 37, 1423, ^ Cox, ibid,, 1936, 38, 613. 

® Deanesley and Carleton, J. Physic. Chem., 1941, 45, 1104. 

^ Eglofi and Kuder, Ind. Eng. Chem., X942, 34, 372. 

’ Egloff, Sherman and Dull, J, Physic. Chem,, 1940, 44, 730. • 

® Francis, Ind. Eng. Chem., 1941, 33, 554. 

® Katz and Saltman, ibid., i939i 3 i» Qi. 

Lennard-Jones and Devonshire, Proc. Roy. Soc., A, 1938, 165, i. 

Livingston, J. Physic. Chem., 1942, 46, 341. 

Moullin, Proc. Camh. Phil. Soc., 1938, 34, 459. 

Wilson and Bahlke, Ind. Eng. Chem., 1924, 16, 115. 

Young, Sci. Proc. Roy. Soc. Dublin, 1909, 13 , 389. 


SOME NOTES ON THE THEORY OF 
UNIMOLECULAR GAS REACTIONS 
IN TRANSITION-STATE SYMBOLISM. 

By M, G, Evans and G. S. Rushbrooke. 

Received 2 gth March, 1945. 

1. Introduction. 

These notes on the theory of unimolecular gas reactions d,o not lay 
claim to any considerable originality. But recent contributions to the 
literature on unimolecular rate processes ^ would appear to confuse rather 
than clarify the essentials of a unimolecular mechanism : or, perhaps 
more precisely, the essentials of those mechanisms which apply in practice 

^ Eley, Trans. Faraday Soc., 1943, 39, 168. Barrer, ibid., 1942, 38, 322. 
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to knowii gas reactions. On the other hand those contributions have the 
advantage of dealing with unimolecular processes by means of the 
transition'-siate method : a valuable descriptive procedure which has come 
into use since the original papers by Fowler and Hinshelwood, Kassel 
and others were published.^ We have therefore, inter alia, tried to show 
how KasseFs theory, which has not since been superseded, can be expressed 
in transition-state S3nnbolism. For mathematical convenience we have 
employed classical rather than quantal statistics, but, of course, this is 
not essential to the argument. We have also tried to draw attention to 
those aspects of the problem of unimolecular processes which seem to us 
to stand in most need of further theoretical treatment. 

2. The Model used. 

The picture which we shall employ to describe a unimolecular process 
involves three familiar steps and may be expressed symbolically as follows ; 

Forwards. Backwards. 
k\ k<\ 

ka. k]) 

— 

Step I is bimolecular : it describes the effect of collisions in producing 
abnormal molecules, A*, which we shall speak of as energized. Step II 
describes an internal change in an energized molecule to a more specific 
state in which we shall refer to it as activated. In step III an activated 
molecule spontaneously decomposes into two parts, B and C, i.e. the 
"reaction,'" as such, takes place. To each step, forwards or backwards, 
we assign a specific rate constant as shown above. 

We shall, of course, have to specify the states of energization and 
activation (sometimes called " primary activation " and " secondary 
activation ") much more definitely, but before doing so shall calculate 
the overall rate of the reaction on the assumption that equilibrium is set 
up in steps I and II. 

The conditions for relative equilibrium between A, A* and A=*= mole- 
cules are 

^lA® = ^2AA* -j- /faA* — ^bA^ . . • (i) 

^aA* = ^bA"^ k^P& . . . . * (2) 

and, of course, ^ (3) 

These equations lead at once to the formula for the overall rate constant 

^i^a^sA 

A dj{ kxji^ 

3. Classification of Reactions on Basis Step II or Step III 
Rate - determining . 

Equation (4) simplifies considerably if k\, or ii Consider- 

ing these possibilities separately, we have : 

Case (i) : ^b ^3, 

kzA + ka 

and the reaction is unimolecular provided A3A ^ ^a, in which case 
‘ ^uni = • kifk^- 

2 geg Kassel, Kinetics of Homogeneous Gas Reactions, Chemical Catalogue Co , 
1932. 


Step I 
Step II 
Step III 


A + A 
A*- 
A^- 


A* + A 
+ C 
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We see that we can refer also to this simple process as one in which step II 
is rate-determining. 

Case (ii) : ^3 Ab, 

A2^bA -}- 


and the reaction is unimoiecular provided . kafkti, in which case 

T T 

finni — «s • 1“" * T~» 

/tb *2 

so that we can then say that step III is rate-determining. , 

We shall give reasons below for suggesting that this does not, in 
practice, afford a sound classification of unimoiecular processes. But 
before doing so we must specify the states of energization and activation 
more definitely. It is, however, instructive at this point to notice that 
in each of the above cases the basic cause of unimoiecular behaviour is 
rapid de-energization (i,e. step I reverse), which in case (i) must be greater 
than the rate at which energized molecules become activated (step II) 
and in case (n) must be greater than the rate at which the equilibrium 
concentration of energized molecules is destroyed by reaction of activated 
molecules (step III). 


4. Further Specification of the Model. 

By energization we shall mean that a molecule has excess energy, of 
amount between e and e + de, in not more than s harmonic-oscillations. 
This, as is well-known, gives * 


k. 


1 

(5 - I) ! 




By activation we shall mean that of this excess energy 
is concentrated in one particular oscillator. Then 


(5) 


€, more than 


^ = ( fJZJL^V ^ 

^b \ e ; * 


(6) 


These equilibrium formulae are standard statistical results (see, e.g. 
Kassel ^). We shall return to a more detailed discussion of their applica- 
bility after deducing their immediate consequences (see §§9, ii). 


5. Case (i) : Step II Rate -Determining. 

Provided k^A ^ we have ^uni = ka • kxjk^. We can proceed on 
the basis of two alternative assumptions : 


Assumption ( 1 ) : ka = constant, independent of «, 
some critical energy, otherwise Aja = o. 


Then 


^unl — ha 


(5 





d^ 

kT 


provided 




hn 


and adding the contributions from all energized species , (f.e., integrating 
w.r. to € from ei to co ) gives 

roo I / € \ d€ 

( ) Q—elhT 

~i)!Ury kT 

i.e. (j^) + (^) + • • •] (7) 

which is the Polanyi-Hinshelwood ® formula. 




* To avoid a rather clumsy modification of the notation we shall not introduce 
such symbols as d(kjk2), dAuni, etc., but leave it optional whether, e,g. Ajuni 
denotes a total or differential quantity. The form of the r.h.s. will always 
remove any possibility of ambiguity. 

^ Polanyi, Z. Physik, 1920, i, 337. 
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This formula, however, is intrinsically unlikely to be valid. For 
^2, the rate of de-energization by collision, is almost certainly a constant, 
independent of c, since it can be shown that effectively every collision under- 
gone by an energized molecule is de-energizing : and if A a is constant we 
can further deduce (from (4)) that if energy is redistributed statistically 
on each collision * 


^ = A -ijife) + Is - 2) ! (fcr) +•••]« 


(s 2) ! ' ' - ' I • • • I 

for all concentrations A ; i,e. whether the reaction is unimolecular or not. 
This leads to 


^unl X I 


( 8 ) 


(^uni = rate-constant at limitingly high pressures), implying that i/k 
and I /A (i,e, the reciprocal of the pressure) vary linearly : which is not 
found true experimentally. 

Assumption (ii). — = constant, independent of € or gq. This is an 
intrinsically much more reasonable assumption (and is, indeed, implied 
in the work of Polanyi and Wigner).* We should expect k]3 ^ 10^*, the 
frequency of an internal vibration within the molecule. On the as- 
sumption (ii) 


^unl = h\) 


ft a ftl 
ftb ^2 



fi-1 




e-e/fcrill 

kT 


e ^ €0 


for each range, e — c de, of energization. Integrating over all possible 
energies of energization, we find 


i,e., 


^unl 

ftuni 



8-1 I 



elhT 


ii 

kT 




(9) 


We shall not discuss the consequences of assumption (ii) for the re- 
action-rate at any pressure until § 7. 


6. Case (ii) : Step III Rate -Determining. 

We now have kum = fts . fta/ftb • provided 

and so 


- *•( V)"‘(r^i(sr) 


elhT 


ii 

kT 


ft 2 • fta/ftb) 

e > 


If we make the plausible assumption that ft 5 , the rate of reaction of an 
activated molecule, is independent of both e and €q then we find, on 
integration, 

ftuni = ftge-^o/fcy . . . . (10) 


a formula of the same form as (9). But ft 3 , since we are now thinking of 
a single excited harmonic vibration leading to decomposition, must 
We have, therefore, in case (i) and in case (ii), 

ftuni ^ 10 ^“ 

Since, however, fti, /^ftg(/^ lo^^) our original distinction between the two 
cases has broken down. 

To sum up at this stage, we may say that a classification of unimolecr 
ular reactions on the basis of whether step II or step III is rate-determining 

* Even if only certain collisions lead to a redistribution of energy, it is still 
possible for ft, to be independent of e for e > 

^ Polanyi and Wigner, Z. physik, Chem., A, 1928, 139, 439. 
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is not particularly helpful since it is probable that k^, Ad and A3 are con- 
stants and Ab ^ ^3 possible alternative assumption that 
Aa is constant and not Ad can be ruled out since it leads to the unsub- 
stantiated equation (8). 


7. General Theory when kl, /Cb and are Constants. 

Abandoning, therefore, the separation of our problem into cases (i) 
and (ii), we return to equation (4) which may be written 

— —A 

I dB AbAs Ad Ag . 

A dj 5 Ad "h A3 ^ ^ AdAs i Aa ^ 

Ad ~h A3 A2 Ad 

We now assume : 

• kbka ^ constant (~ ioi=>), 

Ab "f" A3 

(ii) A2 = constant {i,e. every collision de-energizing, and 

collision diameter constant). 


Then, on the basis of (5) and (6), we have 




A = 


AdA3 


Ad+Aj 




(5- I)! VAT, 


,)-v. 


IkT 


if. 

kT 


A 4 * 


AbAs 


Ad -h A; 




i.e. 


= f” 

Ab+Ag (s-i)!(AT)M A ApAg ^ i 

J 0 Ab+Aa ' Aa * 


(II) 


in agreement with Kassel.* We have, in fact, merely shown how Kassel's 
well-established formula can be derived on the basis of transition-state 
theory and in transition-state nomenclature. 


8. Limiting Equations derived from Kassel’s Formula. 

(a) High Pressures. — If the first term in the denominator of (ii) is 
always very much bigger than the second term therein, we have 


A — Auni — 


ApAa 

Ab “i” A3 

AbAs 
Ab “h A3 

' 10^3 e-eo/fer 


3-eo/fe2' 


(s - I) ! (kry 


q-xIUT dA' 




(12) 


— of the same form as equations (9) and (10). 

(6) Low Pressures. — On the other hand, the limiting bimolecular re- 
action-rate is given by 



As f CO 


(5 - I) ! {kT) 

Aioe-'o/ftrl" 


J CO 

{X 

0 


L{s- i)!(/ct) 


-1 Q-xjhT dx 


+ 


(S 


— 2 .) ! 





(13) 


— which is also the limiting bimolecular rate deduced on the basis of 
the Poianyi-Hinshelwood formula, equations (7) and (8). 


* Loc. cit.r p. 103. 
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9. Further Comments on the Underlying Theory. 

From our original equations, (i), (2) and (3), we can always deduce 
that 

fiT? 

- AaAA* + — 


hut, as it stands, this equation is useless for telling us anything about the 
rate-constant. To know the actual concentration, A*, of energized 
molecules we have to elaborate the model further (as we have done above). 

The additional equation d’B jdt = ^aA*, where = constant, leads 
to equation (8) and so is ruled out on empirical grounds. We therefore 
involve the idea of activation following energization : and so obtain Kassel's 
formula, equation (ii). 

We see, too, that, since energization is a wider concept than activation, 
there is no point in introducing '‘differential activation," i.e. in writing 




«-2 

— , where eo 


unless we are also going to introduce a specific rate-constant, dependent 
on 5* . We are hardly at liberty to do this while thinking of the activated 
states as simply excited states of a certain harmonic oscillator with constant 
frequency (classically). A much more necessary extension of the picture 
will be suggested below (§ ii). 
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and, of course, from our definition is the Arrhenius energy of activa- 
tion (sometimes called AEa)* 

It is important to observe, however, that the “ reacting species (c/. 
Xolman) are not the Q'^iBYgizcd ones but the cictivcitsd ones. 

Moreover we find, 

(a) At high pressures, 

e -»/*!' dx 

AE* = - sRT + N - ^ 

I da; 

J 0 


AS* = (AE* - AF*)/T 


1 p In 1 

roo I 

1 

z'* — eo\ 

-jr 4- 1 

L. - I)!' 

V kT J 


d#r 

+ i?ln 


-f- ^3 


R In r-f-y < o- 

h\} 4" rt3 


(b) At low pressures, 

= - sRT 4 - ^RT 


LsWkTj ' {s-i)l\kT. 

[(s - iTl (i - 2) ! [kT. 


N€o - sRT if eo > skT, 
and (using above definition of AF*) 
f“ Aft,/ 6 \»-i de 


AS-*' = Bln I 


\kT 


kT^ T 


no 1 


+ Bta [(.- + ...}] 

-^i?ln^“- sB +Bln if skT. 


if €q > skT. 


At low pressures, however, when the rate-process is bimolecular, it is 
more customary, in transition-state notation, to write, instead of (14) 

A = Aftje-‘i^’*/B 3 ' .... (15) 

and then the limiting form of AS'’^, when cq > skT, is simply 


-(.-.)[* in (^)-«] 


as we should expect, since k In ^ — k is the entropy of an harmonic 

/Cx 

oscillator of energy 

11. Necessary Extension of the Model. 

We have seen that in the strictly unimolecular region, i.e. at sufficiently 
high pressures 

AE* = RT-^ In ft = N€„ 

01 

k\) 

kxt 4 - ^3 


AS=*= = Rln 


< o 
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and this at once reveals an important defect in the model which we have 
considered. For we have assumed that even in the activated state the 
particular bond (i.e, oscillator) to be broken is still nndistorted (i.e. still 
performs harmonic oscillations), and that the specific reaction-rate, ^3, 
is merely the normal frequency of vibration of that oscillator. But studies 
of the potential-energy surfaces of reacting systems have shown that the 
potential-energy varies along the reaction path in the manner shown 
diagrammatically in Fig. i. In our model we have artificially constrained 
our system, in configuration but not in energy, to the dotted curve in 
Fig. I ; which, therefore, has artificially decreased the entropy of the 
activated state. - 

The only way to correct for this is to replace our formula 


^ 

^ “ v'~r' / 

I.y 

which implies that molecules with energy > e© in a given bond can exist 
only if the energy and configuration of that bond correspond to r (Fig. i). 
For high pressures we then obtain 

•• • • (=^ 6 ) 

and so AS* = AS^ + i?ln , , (AS^ > o) . . (17) 

*1) "T 


which differs from customary transition-state theory only in that we have 
allowed for the deviation of the actual number of activated complexes 

from the “ equilibrium ” number 
that there would be assuming no 
reaction to proceed (second term 
on r.h.s. of (17)). 

The Arrhenius activation 
-energy equals JN/cq is inde- 
pendent of T. This is to be 
expected since Classical energy 
distributions have been used 
throughout, and indeed the 
transition-state theory leads to 
the same conclusion when Clas- 
sical . rotational and vibrational 
partition - functions are em- 
ployed.® Of course if is 
written as kT/k or if quantal 
partition functions for rotations 
or vibrations have to be em- 
ployed, there will be a small 
temperature variation of AE^ 
in consequence. Moreover, any 
large increase of the bracketted factor above (equation 16) from a mag- 
nitude of the order must be due to a large value of AS^ and there- 
fore to a large distortion of the molecular configuration in the transition- 
state. If the values reported in the literature * really apply to the true 
unimolecnlar region, very considerable changes in structure and behaviour 
(in the transition-state) have to be invoked in order to account for ro. 

® Glasstone, Laidler and Eyring, The Theory of Rate Processes, McGraw-Hill, 



1941* 


' Loc. cit., p. 296. 
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12. Summary and Conclusions. 

Our conclusions may be summarized as follows ; — 

(1) A distinction between step II and step III as the rate-determining 
process is not helpful. 

(2) The customary treatment (Kassel) can be described in terms of 
transition-state theory, but assumes that there is no deformation of the 
molecule in the activated complex. 

(3) If this is taken care of, then the result obtained accords with that 
given by transition-state theory. 

(4) In a purely Classical treatment the Arrhenius activation-energy 
- is temperature independent (provided that the reaction is truly 
unimolecular and that rotations and vibrations of the molecule can be 
treated classically). 


Finally, 

(5) We should like to draw attention to the need for a direct theoretical 
computation of A: a. This has not been done by Polanyi and Wigner | 


nor by Slater ’ — ^who circumvent the problem. 


Since ^ 


we can estimate the “ effective value of A; a from a comparison between 
our theoretical formula for ^uni and experimental data. In many cases 
(see Fowler and Guggenheim, ref.®) this appears to suggest that if 
then ko. ^ lo® for the dominant energy-flow processes. 


We can, in fact, take the matter further in this indirect way : 
for if , Aa — Ab ^ 

where = constant, then, since 

number of arrangements of quanta for which energy > 

/€ — __ in a particular oscillator 

\ € / number of arrangements of quanta with no restrictions' 

on the energy distribution 

and since all arrangements are a priori equally probable — in that the total 
energy is the same for all of them — our formula seems to imply that there 
is a complete rearrangement of the quanta every lo-^^ ggc. and that, from 
any particular initial arrangement all possible " rearrangements " (io“^® 
sec. later) are equally probable. Though this seems to us a suggestive 
‘ and physically plausible conclusion, the xinderlying picture remains rather 
indefinite in that we have still to ask what it is that produces a rearrange- 
ment of the quanta every io~^® sec. and whether the quanta should properly 
be thought of as localised in bonds or in normal modes of oscillation of 
the whole molecule. 


We wish to thank Dr. H. Steiner for helpful points which he brought 
to our notice in discussion. 

t Loc, cit,^ 

’ Slater, Pvoc. Camh. Phil. Soc., 1939, 35, 56. 

® Fowler and Guggenheim, Statistical Thermodynamics, Cambridge, 1939, 
§ 1216. 



THE ADSORPTION OF PARAFFIN-CHAIN SALTS 
TO PROTEINS. 

PART II. THE INFLUENCE OF ELECTROLYTES 
AND pH ON THE SEPARATION OF GELATIN- 
DODECYL SULPHATE COMPLEXES FROM 
AQUEOUS SOLUTIONS. 

By K. G. a. Pankhurst and R. C. M. Smith. 

Received ^th April, 1945. 

In studying the effect of ammonium nitrate on the separation of 
gelatin-dodecyl sulphate complexes in the iso-electric region, it was found 
that the concentration of dodecyl sodium sulphate (DSS) required to be 
added to a 0*5 % gelatin solution at 35° C. in order to obtain maximum 
separation was sensibly independent of electrolyte concentration between 
0*45 N. and 2-00 n.^ It was also shown (Fig. i, Part I) that at lower 
concentrations of ammonium nitrate> although there are no well-defined 
inflexion points marking maximum separation, separation does occur 
at progressively lower concentrations of added DSS. Indeed at 0*33 
ammonium nitrate complete peptisation has occurred at the concentration 
of DSS which corresponds to maximum separation at 0-45 n. electrolyte 
and above. This in&cates that the role of the electrolyte is not simply 
that of a salting-ont agent, but that it also plays a part in determining 
the constitution of the complex. 

In this paper we have studied moi*e completely the influence of various 
electrolytes over a wide range of pn values in an endeavour to separate 
the two possible effects of the electrolyte : [a) the salting out effect and 
(i>) the effect on the composition of the complex. 

Experimental. — ^The technique was the same as previously described ^ 
except that it was found convenient to work on a 15 c.c. scale instead 
of 100 c.c. without sacrificing accuracy. The electrolytes were of Analar 
grade or were standardised by volumetric methods. 0-5 % gelatin solu- 
tions were used throughout at 50° C. This temperature ensured the solu- 
tion of the dodecyl sulphates, particularly potassium. 

Results. 

The Interdependence of Electrolyte and pH. — In considering factors 
affecting the separation of complexes, e.g. electrolyte, pH, etc., two criteria 
appear to be important : (i) the concentration of added DSS corresponding 
to maximum separation (the inflexion point) and (2) the extent of separa- 
tion, a measure of which is given by the deviation of the determined curve 
from the straight line corresponding to no separation. Criterion (i) we 
associate with a chemical effect determined by the constitution of the 
complex, whereas (2) corresponds with a salting-ont effect, or the solubility 
of the complex in the particular environment in which it is prepared. 

Mention has been made above of the evidence in Fig. i, Part I, that 
the concentration of ammonium nitrate is important in determining the 
inflexion point in the isoelectric region. This is not very precisely deter- 
mined since, at this pH value, with low ammonium nitrate concentration 
the inflexion point is not very well defined, and indeed at 0*25 N. electro- 
lyte and below no separation occurs at all. Since, however, a similar and 

^Pankhurst and Smith, Trans. Faraday Soc., 1944, 40, 565. 
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better defined shift was obtained when pn was reduced at constant electro- 
lyte concentration (Fig. 3, Part I), it was thought desirable to investigate 
the effect of ammonium nitrate at low pB. values. 

Fig. I shows the results obtained with such a series of ammonium 
nitrate concentrations at 2-8 and demonstrates that as the ammonium 
nitrate concentration is reduced the inflexion point occurs at progressively 
lower added DSS concentrations, and that good separation occurs even 
in the absence of electrolyte. In the presence of 2*0 n . ammonium 
nitrate the separation range is so extended as completely to include that 
region in which separation occurs with this quantity of electrolyte at 
pB. 5*5 (see broken curve in Fig. i). This provides further evidence that 



the ammonium nitrate is important in determining the nature of the 
complex, e.g. comparing the curves for o-o N. and I'O n. electrolyte in Fig. i, 
each has a well.-defined inflexion point, the latter at about eight times the 
concentration of added DSS of the former. 

The eflect of in the absence of electrolyte is shown in the inset to 
Fig. I. At values above ca. 4*0 no separation is possible. At 3*2 
there is slight precipitation but the segregation of the two phases is so 
slow that only the points where separation commences and peptisation 
is just complete are indicated. At pn 2-8 and 1*0 well-deflned inflexion 
points were obtained, both at 0*0045 n . added DSS, the lower pn giving 
a more complete separation. In the absence of electrolyte it appears 
that the position of the inflexion point, with respect to added DSS con- 
centration, is independent of pB. Thus hydrogen ions are effective in 
salting out the complex when present in sufficient quantity, i.e. at pB 





/V. Cj.Ho^SO.Na added. 





K. G. A. PANKHURST AND R. C. M. SMITH 633 

values of 3 *5-4*0 and below. When other cations are present there is 
competition between these and the existing hydrogen ions for adsorption 
to the negatively charged parts of the complex, thus in the presence of 
i-o N. ammonium nitrate, as the pm is lowered the inflexion point moves 
to the left, indicating that increasing the concentration of hycfrogen ions 
enables them to compete more effectively with the ammonium ions. 
The same effect is seen in Figs. 2 and 3 below for other cations. 

The Lyotropic Series of Cations and Anions.— The effect of electrolyte 
cation and anion was studied using the following series of salts at pn 
values of 2*5-2*8, 5*3-5*5, and 10*2-10*6 (8*8-9-3 for the ammonium salts). 

Cation series : LiCl, NaCl, KCl, NH4CI 

Anion series: NH4CI, NH^Br, NH4I, NH4NO3 

Figs. 2-7 show the results. 



From Fig. 2 it is seen that for the cation series at a pK well below the 
isoelectric point, maximum separation, i.e. the point of lowest determined 
DSS, is substantially the same for each cation, but that the deviation from 
the theoretical straight line increases in the order ; 

Li+ < Na+ < NH4+ < K+. 

This is the reverse order of that which would be expected from considera- 
tion of the salting-out effect as governed by the degree of hydration of the 
ions, i.e> the most strongly hydrated ion has the weakest salting-out effect, 
whereas one would have expected the reverse to happen. The explanation 
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of this is probably that offered by Docking and Heymann,^ when consider- 
ing adsorption and salting-out effects of such ionic series on gelatin itself, 
based on the theory of Katz and Muschter,® viz. an ion which is strongly 
adsorbed to the protein confers on it solubility characteristics which it 
derives from its own hydration. Thus Li+ being both powerfully adsorbed 
and highly hydrated confers greatest water solubility on the complex. 
The increased efhciency as one progresses from Li+ to K+ is similar to that 



For the anion series at 2*8 (Fig. 5) there is comparatively little differ- 
ence in their efficiencies, but such differences that there are indicate the 
following series : 

I' < NO3' < Br' < Cl'. 

According to Docking and HeymannA iodide is the most strongly adsorbed 
ion of the series, but its degree of hydration is small. Chloride being least 
adsorbed and most hydrated exhibits the greatest salting-out effect. At 
the isoelectric point and above (Figs. 6 and 7) the above gradation is 
more marked. At pu 9, however, it is interesting to note that there is 
a progressive shift of inflexion point to the left in the order Cl', Br', I', 

^ Docking and Heymann, J. Physic. CJiem., 1939, 43, 513. • 

® Katz and Kuschter, Biocheni. Z., 1932, 257, 385, 
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indicating that at high pn values the iodide is sufdciently adsorbed to the 
gelatin to compete with the DS anions, thereby causing the production 
of a complex less rich in DS ions. The same is true, miitatis mutandis^ 
for the Br' ion. 


General Discussion. 

From the above it appears that complex formation and complex 
separation should be considered separately, even though such factors as 
electrolyte, etc., influence both. 

Complex Formation. — ^Evidence points to the electrostatic nature of 
the link between the DS anions and the basic groups in the protein. 
Putnam and Neurath ^ have come to the same conclusion in their work 
on the adsorption of DSS to other proteins. 

It has been customary for some workers to represent the protein mole- 
cule as a zwitterion in the same manner as is general for a simple amino 
acid : 

.COOH /COO- 

G< ^ G<; .... (I) 

\NHa 


This gives an inadequate representation of the polypeptide arrange- 
ment since it is most frequent that the carboxyl groups and amino groups 
are not equal in number, and others ^ have given the following as an 
alternative : 


.(COOH), y(COO-), 

G< ^ i 


( 2 ) 


This, too, is not entirely adequate in explaining the zwitterion char- 
acter of gelatin since it is only true if one ignores the basic imino nitrogens 
of the — CO — ^NH — groups in the polypeptide chain itself. It only truly 
represents the state of aflairs after complete hydrolysis. The imide groups 
have some electropositive character and one can attribute a corresponding 
electronegative character to the carbonyls in the following manner.® 


-•C = 6: -C-0: 

-:n-h ^ -lr+-H 

As Pauling points out, calculations based on this show that resonance is 
inhibited by the adsorption of a proton to the nitrogen and that in con- 
sequence salts formed by amides do not result from this cause, as happens 
with amines. 

Since quantitative results on the adsorption of DS anions at pTi values 
at and above the isoelectric region, in the presence of large amounts of 
ammonium nitrate, show that one DS anion is adsorbed for every nitrogen 
atom in the gelatin ^ it appears that practically every nitrogen is sufflciently 
'electropositive under these conditions to adsorb, by an electrostatic link, 
one DS anion. From the evidence in the present paper it appears possible 
that the wetting agent anion can be replaced by simple electrolyte anions 
to varying extents depending on the availability of the nitrogens in the 
protein and the nature and concentration of the simple electrolyte anions. 

Fig. I inset shows that increasing the hydrogen ion concentration below 
about pTi 3*0 results in no further shift of inflexion point to the left, i.e. 
there is no further reduction in the number of available nitrogens. This 
suggests that a limited number of nitrogens (rather less than lo % of the 

* Putnam and Ffeurath, J. Amer, Chem. Soc., 1944, 66, 692, 

® Cf. Sheppard, Honck and Dittmar, J. Physic. Chem., 1942, 46, 165. 

* Cf. Pauling, The Nature of the Chemical Bond, Cornell University Press, 
1940, 207. 
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total) ’ are of such a nature that their power to combine with DS anions is 
not impaired by reduction of fu. Fig. i shows a shift of inflexion point 
to the right as electrolyte concentration is increased, at low as if the 
electrolyte were increasing the availability of some of the nitrogen atoms 
for combination with DS anions. At this stage, we can see no explanation 
of this. 

Complex Separation. — It has already been shown that the electrolyte 
ions can influence the solubility of a complex in two ways, i.e. a “ salting- 
in '' and a salting -out effect. Both of these depend on the extent 
to which the ions are adsorbed to the gelatin and their degree of hydration. 
The “ salting-in '' eflect has maximum solubilising action when the 
strongly adsorbed ions are strongly hydrated, e.g. Li+. The “ salting-out 
effect is maximum where a high degree of hydration is accompanied by 
low adsorption, e.g. Cl'. The wetting agent anion is simply an example 
of a powerfully adsorbed ion with a very low degree of hydration. 

Summary. 

The part played by electrolytes and the effect of pn on the formation 
and separation of complexes between gelatin and dodecyl sodium sulphate 
has been studied and the mechanism has been examined from the standpoint 
of the lyotropic series and the specific adsorption of the ions concerned. 

We are pleased to record our thanks to Professor N. K. Adam, F.R.S., 
for helpful discussion, and to several of our colleagues on the staff of 
Messrs. Ilford Limited. Our thanks are also due to the Board of Directors 
of the above Company for permission to publish this work. 

The Research Laboratories, 

Ilford Limited, Selo Works, 

Warley, Essex. 

’ The ratio of amino nitrogens in the side chains to the total nitrogens in the 
gelatin molecule is of the same order of magnitude {vide data compiled by Bowes, 
Reports of the Progress of Applied Chemistry, 1943, 28, 324). 


A THERMODYNAMIC STUDY OF BIVALENT 
METAL HALIDES IN AQUEOUS SOLUTION. 

PARTXIIL PROPERTIES OF CALCIUM CHLORIDE 
SOLUTIONS UP TO HIGH CONCENTRATIONS 
AT 25". 

By R. H. Stokes. 

Received gth April, 1945. 

Although isopiestic data have usually been expressed relative to 
potassium ^ or sodium ^ chloride or sucrose ^ as reference substance, con- 
siderable use could be made of a i : 2 electrolyte as a subsidiary standard, 
provided that {a) its water activities and activity coefficients were well 
established over a wide range of concentration, and (&) the values at the 
lowest concentration used in isopiestic measurements, viz. o*i m., were 
known from accurate measurements at high dilutions. Such data are 
available for H2SO4, but this does not behave as a normal i : 2 electrolyte 
o'mng to the presence of the incompletely dissociated bisulphate ion. 

^ Robinson and Sinclair, J. Amer. Chem. Soc., 1934, 56, 1830. 

“ Scatchard, Hamer and Wood, ibid., 1938, 60, 3061. 

® Smith and Smith, J. Biol. Chem., 1937, 
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In the case of zinc chloride, ^ bromide, « and iodide,® measurements have 
been made which enable the activity coefficient at 0*1 m. to be fixed with’ 
confidence, but these salts are not well suited to isopiestic work, as the 
platinum vessels required for accurate results greatly reduce the rate of 
attainment of equilibrium in dilute solutions. Further, they all show 
abnormalities in concentrated solutions when compared with the alkaline 
earth halides. Of the remaining 1 : 2 salts, CaClg would seem to be the 
most satisfactory for our purpose. Shedlovsky and Macinnes ’ have 
made extremely careful measurements of the e.m.f .s at 25° of cells with 
transport containing CaCL, and, by combining their results with moving 
boundary transport numbers, have derived activity coefficients of very 
high accuracy in solutions from o*ooi8 M. to 0*097 The present work 
deals with isopiestic measurements in more concentrated solutions, from 
0*1 M. to 10 M., using NaCl and H2SO4 as standards. As a result it is be- 
lieved that the water activities and activity coefficients of calcium chloride 
at 25° are now known more accurately and over a wider concentration 
range than those of any other normal i : 2 salt. 

Experimental. 

Calcium Chloride. — The best CaCL commercially available was " Baker's 
Analyzed C.P, material, containing 0*37. % of alkali expressed as sulphate. 
It was found that recrystallization reduced the alkali content only slightly ; 
consequently the Ca was precipitated as CaCOa, and after prolonged 
washing this was dissolved in Analar HCl, with boiling to expel COg, 
to give a neutral solution about 3 m. in concentration. A second prepara- 
tion was made in the same way from Analar '' CaCOg, containing < o*i % 
of alkali expressed as sulphate, and “ Baker's Analyzed " C.P. HCl. The 
solutions were then analysed gravimetrically in triplicate for chloride 
as AgCl. The isopiestic results for these two solutions were indistinguish- 
able. Both solutions, however, gave results higher by about 0*4 % in 
the osmotic coefficient than those derivable from Robinson’s® earlier 
measurements of the CaClj — KCl ratio. In some preliminary measure- 
ments the ‘'Baker's Analyzed” CaCL, even after recrystallization, was 
found to give isopiestic ratios lower by about the same amount. For 
this reason the values now obtained with the more highly purified material 
are to be preferred. 

Sodium chloride was prepared by recrystallization and fusion of 
” Analar ” NaCl. 

Sulphuric Acid. — stock solution of about 70 % by weight was 
prepared from “Baker's Analyzed “ C.P, H2SO4, of A.C.S. specification, 
containing negligible impurities. This was stored in a special vessel under 
slight pressure so that it could be run out as required with minimum 
exposure to the air. Suitably diluted portions were analysed by weight- 
titration against A.R. NaaCOg dried at 270°. Other solutions were* 
prepared as required by weight-dilution of the main stock. The apparatus 
was of the usual type, platinum dishes being used for the H2SO4 solutions 
and silver for the NaCl and CaClg. Agreement between the duplicate 
dishes was in most cases better than o*i %. The experimental results 
are given in Table I, , 

Standard Data. — The values of (j) and used for the reference solu- 
tions of NaCl and H2SO4 were those given by Robinson.® Below 1*5 m, 
NaCl they are essentially the same as those given by Hamed and Robinson,^® 

^ Robinson and Stokes, Trans. Faraday Soc., 1940, 3d, 740, Harris and 
Parton, ihid.^ 1139. 

® Stokes and Stokes, in the press. 

® Bates, J, Amer. Chem. Soc., 1938, 60, 2983. 

’ Shedlovsky and Macinnes, ibid., 1937, 59 t 5 ^ 3 - 

® Robinson, Trans. Faraday Soc., 1940, 36, 735. 

® Robinson, Trans. Roy. Soc. N,Z., 1945, 75, 203. 

Robinson and Hamed, Chem. Rev., 1941, 28, 452. 
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but at higher concentrations the later work of Olynyk and Gordon on 
concentrated solutions of NaCl is- given considerable weight. For H2SO4, 
reliance is placed mainly on the direct vapour pressure measurements oi 
Shankman and Gordon/^ although these differ considerably from the 
e.m.f. measurements of Harned and' Hamer. Some support for this 
choice is given below. Although the work of Shankman and Gordon 
on H2SO4 probably represents the most accurate contribution hitherto 
made to our knowledge of water activities in very concentrated solutions, 

TABLE I. 

{a) Isopiestic molalities of CaClg and NaCl ; the CaClg molality is the first of 
each pair of nnnibers. 

o-ogoS 0*1255 0*1148 0*1586 0*2156 0*3034 0*2742 0*3901 

0*3875 0*5617 0*4968 0*7366 0*6090 0*9232 o*68o8 1*046 

0*8382 1*325 0*8503 1*350 1*028 1*683 1*170 1*963 

^1*307 2*244 1*482 2*611 1-483 2*6 i 2 1*487 2*622 

i. 1-535 2*724 1*657 2*988 1*772 3*241 1*798 3*302 

; 2*077 3*937 2*140 4*084 2*467 4*865 2*658 5*342 

^2*676 5*384 2*921 6‘Oo8 2*928 6*028 2*978 ,6*147 

^2*981 6*166 


[b) Isopiestic molalities of CaClg and ; the CaClg molality is the first of 

each pair. 


2*951 

4-329 

j 3-072 

4-520 

3*362 

4-985 

1 3715 

5-561 

3*929 

5-899 

4*126 

6-237 

4*422 

6-742 

: ..4-525 

6*916 

4-635 

7 *ii 6 

4*928 

7*611 

4*967 

7*687 

5-366 

8*381 

5-473 

8-557 

5 ' 5 ri 

8*622 

' 5*6ri 

S*8or 

6*064 

9-547 

6*394 

lo-ogi 

i 6*425 

10*136 

6*640 

10*456 

6*86i 

10*786 

6*862 

10*780 

6*874 

10*813 

7*092 

ii-ri5 

! 7-233 

xi' 3 i 5 

7*286 

11-383 

7-326 

11*434 

1 7*343: 

11*456 

1 7-354 

11*483 

7*430 

11*582 

7-433: 

3:1*575 

7-525 

11*715 

7-775 

12*041 

7*914 

12*199 

8*023 

12-333: 

8*193 

3:2*552 

8-749 

13*209 

8-963 

13-458 

9-785 

3:4-373: 

10*071 

14*701 

ro-159 

14*800 

10-750 

15-429 

10*771 

15-442 






there is still room for further improvement, especially in certain regions 
of concentration not well covered by their measurements. Accordingly 
in presenting the data for CaClg in Table II we have included the con- 
centrations of the solutions isopiestic with round molalities of CaCl2, in 
order to facilitate recalculation in the event of more extensive standard 
data becoming available in the future. 

Table II also gives the osmotic coefficients and water activities derived 
from the results in Table I. The activity coefficients relative to 0*1 m. 
were evaluated by tabular integration of the Randall and Wliite 
equation ; 

~ log y = 0'4343^ + log m, 

the integral being thrown into various equivalent forms at different parts 
of the concentration range. The value of 7 at o*i m. was then fixed by 
means of the equation given by Shedlovsky and Macinnes.’ For com- 
pleteness, values of y from 0*002 m. upwards, obtained from their equation, 
are included in Table II. 

Comparisons with other Work on CaCla- 

The most accurate vapour pressure measurements on CaClg appear 
to be those of Bechtold and Newton f>y a dynamic, method. Although 

Olynyk and Gordon, /. Amer, Chem. 5 oc., 1943, 65, 224. 

Shankman and Gordon, ibid., 1939, 61, 2370. 

Harned and Hamer, ibid., 1935, 57, 27. 

Randall and White, ibid., 1926, 48, 2514. 

Bechtold and Newton, J. Amer. Chem. Soc., 1940, 62, 1390. 
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these workers report results at only three concentrations, each is the mean 
of several concordant values, and the soundness of their method seems to 
be established by the agreement between their results for CaClg and those 
of Tippetts and Newton.^® In Table III their results are compared with 
those obtained from the isopiestic ratios ; at the two higher concentra- 
tions it is clear that the use of the values for HaSO^ based on direct 


TABLE II.* 


^CaClg. 

^NaCl. 

^HaSO^. 

W‘ 

<!>■ 

y* 

0*002 

- ■ 







0-853 

0*005 

— 

— 

— 

— 

0*790 

0*01 

— 

— 

■ — 

— 

0*732 

0’02 

— 

— 

— 

— 

0*669 

0*03 

— 

— 

— 

— 

0*631 

0*05 

— 

— 

— 

— 

0-583 

0*1 

0*1380 

— 

0*99540 

0-854 

0*524 

0-2 

0*2806 

— 

0-99073 

0-862 

0-478 

0*3 

0*4284 

— 

0*98590 

0*876 

0*460 

0*4 

0*5820 

— 

0*98086 

0*894 

0*453 

0*5 

07425 

— 

0*97552 

0*917 

0-454 

0*6 

0*9078 

— 

0*96993 

0*940 

0*458 

0*7 

1*079 

— 1 

0*96425 

0*963 

0*466 

0*8 

1*256 

— 

0*95819 

0*988 

0*476 

0*9 

1*440 

— 

0-95175 

1*017 

0*490 

r*o 

1*629 

— 

0*94505 

1*046 

0*506 

r*2 

2*024 

— 

0*93072 

1*107 

0-546 

1*4 

2*437 

— 

0*91522 

1*171 

0*595 

1*6 

2*864 

— 

0*8986 

1*237 

0*652 

1*8 

3*305 

— 

0*8808 

1*305 

0*721 

2*0 

3758 

— 

0*8618 

1*376 

o*8o2 

2-5 

4-950 

— 

0*8091 

1*568 

1*076 

3-0 

— 

4*404 

0*7488 

1*779 

1*506 

3-5 

— 

5*205 

0*6870 

1-983 

2*ii8 

4*0 

— 

6*026 

0*6232 

2*187 

3*002 

4-5 

— 

6*875 

0-5587 

2‘394 

4-29 

5-0 

— 

7*740 

0*4972 

2*584 

6*o8 

5-5 

— 

8*605 

0-4405 

2*756 

8*46 

6*0 

— 

9*449 

0*3899 

2*901 

11*48 

6-5 

— 

10*249 

0*3467 

3*009 

, 14-94 

7*0 

— 

10*990 

0-3107 

3 ’o 83 

18-74 

7-5 

— 

11*673 

0-2812 

3*127 

22*63 

8*0 

— 

12*306 

0*2561 

3-151 

26*64 

8-5 

— 

12*911 

0*2334 

3*i66 

30*8 

9*0 

— 

13*496 

0*2134 

3*172 

35-1 

9-5 

— 

14*059 

0*1954 

3*172 

39-5 

10*0 

— 

14*610 

0*1794 

3*169 

44*0 

10*5 


15*156 

0-1649 

3-167 

48*8 


* Values of y between o*oo2 and o-i m. are taken from the data of Shedlovsky 
and Maclnnes. 

The data above 7 m. correspond to supersaturated solutions of CaClg. 

Results at intermediate concentrations may be obtained by Besselian inter- 
polation for dyft and log y, 

V.P. measurements gives very fair agreement with the dynamic measure- 
ments, while the values derived from the e.m.f, measurements on 
H2SO4 axe widely different. This gives us considerable confidence in the 
choice of the former as standards. The slightly higher water activities 
of Bechtold and Newton may well be due in part to their use of C.P. CaCL 

Tippetts and Newton, J. Amer. Chem. Soc., 1934, 56, 1675. 
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which still contained 0*12 % of alkali and Mg expressed as sulphates, 
since it was found that our unpurified material gave lower isopiestic 
ratios and higher water activities. 

TABLE III. 


^CaCl„. 

d (Dynamic), 
w 

a (Isopiestic).* 

W 

0*3043 

o-gsesj 

0*98565 

3*0335 

0-7458, 

0*7452 ( a ) 0*7426 (6) 

7*031 

0-30964 

0*3095 W 0*3149 ( h ) 


*(a) Based on direct vapour pressure measurements on NaCl and H2SO4. 
(6) Based on e.m.f. measurements on H2SO4. 


The osmotic coefficient at 0*097 m. may be evaluated by integration 
of the activity coefficient data of Shedlovsky and Macinnes in the dilute 
solutions as 0*855, excellent agreement with 0*854 from the isopiestic 
curve. 

The dew-point measurements of Hepburn on CaCla gave values 
with a mean deviation of 0*003 and a maximum deviation of o*oo8 from 
our results ; since his method gave in one case identical water activities 
in two solutions differing by 20 % in concentration (0*284 0*344^.) 

it seems that these deviations are of the order of his experimental error. 
Results from ceils involving the calcium amalgam electrode need not be 
considered here, since^ this electrode is now known to behave irreversibly 

Discussion. 

The osmotic and activity coefficients attain very high values in the 
concentrated solutions, in marked contrast with zinc chloride.-* It is 
of some interest to determine how far the validity of a Debye-Hiickel 
equation, similar to that employed by Shedlovsky and Macinnes in the 
dilute solutions, will extend into higher concentrations. It is found that 
the equation 

— log y = — - — - — o*i6i8c + log (i -h o*o54m) 

I + 2 * 826 Vc 

will reproduce y with an accuracy of i in 500 from 0*002 up to i.e. 

up to an ionic strength of unity, which is also the limit of validity of the 
corresponding equation for i : i salts. Above 0*3 m. the calculated 
values of y fall increasingly below the experimental values. The theoret- 
ical coefficient 1*764 in the above equation is based on the revised values 
of the physical constants. The coefficient 2*826 corresponds to an 
" ionic diameter '' of 4*96 a. 

Summary. 

Isopiestic measurements on CaClg solutions at 25° have provided 
values of the water activity, osmotic coefficient, and activity coefficient, 
extending from o*i m. into supersaturated solutions (10 M.). These have 
been combined with the e.m.f. data of Shedlovsky and Macinnes on dilute 
solutions to provide a subsidiary standard for i ; 2 salts at 25°, for which 
y is known from 0*002 m. to 10 m. 

Auckland University College, 

New Zealand. 

Hepburn, /. Chem. Soc., 1932, 550. 

^*Manov, Bates, Hamer and Acree, J. Amer. Chem. Soc., i 943 » 1765* 



A THERMODYNAMIC STUDY OF BIVALENT 
METAL HALIDES IN AQUEOUS SOLUTION. 
PART XIV. CONCENTRATED SOLUTIONS OF 
MAGNESIUM CHLORIDE AT 25^ 

By B. H. Stokes. 

Received gth April, I945- 

Magnesiiiin chloride in solutions up to 2 M. has been shown ^ to have 
the highest osmotic coefficient of the bivalent metal chlorides. It is of 
some interest to examine the behaviour of this salt up to saturation, and 
in this paper the earlier work is extended by isopiestic measurements 
against sulphuric acid. 

Experimental. 

Stock solutions of MgCl^ and of H2SO4, of A.R. quality, were analysed 
respectively for chloride as AgCl and for sulphate as BaS04. The acid 
was also determined by weight titration against NagCOj. A few prelim- 
inary determinations of the MgCU-KCl isopiestic ratio (Table la) gave 

good agreement with the 
earlier measurements and 
served as a check on the 
concentration of the stock 
solution. The isopiestic 
molalities of MgCl^ and H2SO4 
are presented in Table Ih. 

The saturated solution in 
equilibrium with MgCls . 6H2O 
was found to be isopiestic 
with io*6i M. H2SO4, of which 
the water activity, 0*3296, 
corresponds to 7*83 mm. Hg; 
Speranski ^ obtained 7*76 mm, 
by a manometric method. 
Although MgCla does not 
readily form supersaturated 
solutions, one measurement 
was obtained on a slightly 
supersaturated solution . This 
enabled a determination of 
the solubility to be made. A graph of against mnasoi was 

drawn for the region in the immediate vicinity "^of saturation, and by 
interpolating on it at io*6r m. H2SO4 the molality of the saturated solu- 
tion was found to be 5.840, or 55*61 g. per 100 g, of water. Seidell's 
compilation® includes three values for the solubility of MgClg at 25®, viz. 
56*7, 55*26, 54.70, The mean, 55*55, agrees well with the present result, 
which is believed to be accurate to 0*2 %. 

Evaluation of the Activity Coefficient at OT m. 

In very few cases hitherto have we been able to fix the value of y at 
0*1 M. for I : 2 salts with certainty. In some cases reliable e.m.f. data in 

^ Robinson and Stokes, Trans. Faraday Soc., 1940, 36, 733. 

2 Speranski, Z. physih. Chem., 1910, 70, 521. 

® Seidell, Solubilities of Inorganic and Metal-Organic Compounds, 3rd edition, 
Van Kostrand, New York, 1940. 


TABLE 1 . 


(a) Isopiestic Molalities of MgCh and KCI at 
25 °- 


^3Ig0l2 1 

1*143 

1-645 

i*66i 

1*743 1 

2*050 

1 

i 2-175 

3*541 

3*591 

3-833 1 

4*8io 

(6) Isopiestic Molalities 
at 25°. 

1 of MgCb and 

H,SO* 

WjiBOla 

2*i68 

2-480 

2*782 

2*829 


^HaBOd 

3*327 

3*86o 

4*379 

4-463 

4-959 


3-136 

3-287 

3*371 

3-809 

3-819 

^H2S04 

5*004 

5*277 

5-426 

6-245 

6*262 

W^Mgola 

3-843 

4-026 

4*373 

4*502 

4-893 

^HaB04 

6*307 

6*658 

7*345 

7*608 

8-427 

^M-goia 

4*982 

5-476 

5-840* 

5 - 925 t 


^HaS04 

8*615 

9*740 

10*61 

10*84 



* Saturated. f Supersaturated. 
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dilute solutions have been available, but generally the value has been 
estimated from freezing-point data, or by a comparison of the osmotic 
coefficients at 0*1 m* with those of the few salts for which both and y 
are known at this concentration. In Part I of this series, ^ you MgCl^ 
was taken to be 0-565, from freezing-point data. The values for MgEr^ 
and Mgig were then estimated as 0*582 and 0-599 respectively, by com- 
parison with the chloride. It has since been shown, however,^ that the 
osmotic coefficients of Mgl2 and Znig lie very close together up to 0-5 m. ; 
consequently there is reason to believe that the value of for Mglg 
should be close to 0-579, Znlg being known to have this value from e,m.t 
measurements.® This suggests that all the values previously assigned to 
the magnesium halides were too high, and this is confirmed by an examina- 
tion of the whole series of activity coefficient curves now available for 
I : 2 salts. The results for CaCla in the previous paper make possible a 
different method of obtaining yo-i which will now be described and tested. 

In the case of isopiestic measurements on pairs of i : i salts, the equation 
of Robinson and Sinclair : " 

2 fW R I 

log y = log yref. -f log R + — — \ — ■ dV (my)ret. 

^ V(my)ref. 

has been shown to ffx the values 



is inaccessible to the isopiestic Fig. i.— I sopiestic Ratio of Sodium 
method. It is found that the Chloride to Calcium Chloride, 

ratio curve turns sharply up- Full Curved-Experimental values, 

ward ]ust below o-i m., as in Broken Curve— Calculated from e.m.f. 

Fig. I. It is therefore clearly results, 
impossible to extrapolate the 

ratio curve with any certainty. Nevertheless, the isopiestic ratio of any 
r : 2 salt to KCl or NaCl may be converted into its ratio to CaClg by 
means of the accurately known CaCla-NaCl and NaCl-KCl ratios. 
The ratio may then be plotted against and in all 

cases so far examined this has given a smooth though not always linear 

* Stokes, Trans, Faraday Soc., 1945, 41, 17. 

^ Robinson and Sinclair, /. Amer. Cham, Soc., 1934, 1830. 

® Bates, ibid., 1939, 60, 2983 ; see also ref. 
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extrapolation to unity at zero concentration. The curves for MgCL and 
the zinc halides are shown in Fig. 2. 

Integration of the Robinson and Sinclair equation between o and 0*1 m. 
may now be carried out, using the y values of Shedlovsky and Macinnes 
for CaClg. For the zinc halides, the values obtained by this method for 
yoaare: Znlg, 0-579 ; ZnEr^, 0-541 ; ZnCL, 0-518, 

The experimental values from e.m.f. measurements in dilute solutions 
are: Znlg,® 0-581 ; ZnBra,’ 0-547 ; ZnCL,^ 0-515. 



Fig. 2. — Isopiestic Ratio of Calcium 
Chloride to other i : 2 salts. 


TABLE II, — ^Water Activities, Osmotic 
Coefficients, and Activity Co- 
efficients IN Magnesium Chloride 
Solutions at 25°. 


m. 


<l>. 

1 r. 

o-i 

0-99536 

o-86i 

0-532 

0-2 

0-99057 

0-S77 

0-492 

0-3 

0-98559 

0-895 

0-480 

0*5 

0*97475 

0-947 

0-484 

0-7 

0-9627 

1*004 

0-509 

i-o 

0-9419 

1*108 

0-574 

1-2 

0-9261 

1*184 

0-634 

1-4 

0-9088 

1-264 

0-713 

1-6 

0-8900 

1*347 

o-8oS 

1-8 

0-8698 

1*434 

0*922 

2-0 

0-8482 

1*523 

1-059 


0-7885 

1759 

1*546 

3-0 

0-7213 

2*015 

2*352 

3-5 

0-6514 

2-266 

3 ’K 

4*0 . 

0-5787 

2-530 

5-66 

4*5 

0-5068 

2-795 

8-94 

5*0 

0*4374 

3-060 

14-2, 

5*5 

0*3711 

3-335 

23*26 

5-84* 

0-3296 

3-516 

32*2 

6-of 

0-3102 

3-610 

38-0 


* Saturated. 

I Obtained by extrapolation from the 
experimental point at 5-925 m. Results 
at intermediate concentrations may be 
obtained by Besselian interpolation for 
and log y. 


The agreement in the case of Znia is excellent ; for ZnBi’a and ZnClg 
it is still fair, being equivalent to 0.0004 volt and 0-0002 volt respectively 
in the determination of a standard potential in e.m.f. work. One may 
therefore use this method of extrapolating the isopiestic data with consider- 
able confidence for other i : 2 salts. The value of y<).x so obtained for 
magnesium chloride is 0-532, This value has now been accepted in pre- 
ference to the freezing-point value of 0-565 which was used in, the earlier 
paper. The ratio W'2caoi2MMBoi2 2,lso been worked out for the whole 
concentration range, from the data of this and the preceding paper. This 
has made possible the evaluation of y at all concentrations by the Robinson 

’ R. H. Stokes and Jean M. Stokes, Trans. Faraday Soc., in the press, 

® Robinson and Stokes, ibid., 1940, 36, 740. 
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and Sinclair equation, which is preferable to that of Randall and White, 
since the term which is obtained by tabular integration contributes much 
less to log y than does the integral term of Randall and White. The 
integral can therefore be evaluated by larger steps without loss of accuracy . 
The (l> and values were obtained similarly from the CaClg data, and 
checked by direct interpolation on the standard curves for KCl and H2SO4. 

Values of <f> and y at round concentrations of MgCl^ are presented in 
Table II, 

Discussion. 

The activity coefficient is seen to reach extraordinarily high values in 
the concentrated solutions. It seems probable, therefore, that complex 
ion formation and incomplete dissociation are of negligible importance in 
MgCla ; the heavy hydration of the free Mg++ ions then accounts qualita- 
tively for the steep rise in the y values. The contrast between these values 
and those for ZnClg® is very marked, although the Zn++ ion has practically 
the same crystallographic radius as the Mg++ ion. The negative transport 
numbers found in concentrated ZnClg solutions, however, prove the 
presence of complex anions in this salt, so that the zinc ions are not all 
free to form hydration sheaths. 

Summary. 

Isopiestic measurements on MgClg solutions at 25° have given values 
of the water activity, osmotic coefficient, and activity coefficient up tO' 
saturation. The solubility and the vapour pressure of the saturated 
solution at 25° have also been determined. The equation of Robinson 
and, Sinclair has been shown to give a fairly reliable extrapolation for y^.j, 
when the isopiestic ratios of i : 2 salts are plotted in the form Wcaois/^^MXa 
and the y values for MgClg, reported in an earlier paper, have been re- 
calculated on a sounder basis by this equation. 

Auckland University College, 

New Zealand. 

® Harris and Parton, Trans. Faraday See., 1940, 36, 1139, 

Brown and Macinnes, J. Amer. Chem. Soc., 1935, 57, 1356 ; Shedlovsky 
and Macinnes, ibid., 1937, 5 ?» 5 ^ 3 - 

Randall and White, ibid., 1926, 48, 2514. 


A REVISION OF SOME BOND-ENERGY VALUES 
AND THE VARIATION OF BOND-ENERGY 
WITH BOND-LENGTH 

By H. a, Skinner. 

Received gth April 1945. 

In his book “ The Nature of the Chemical Bond Pauling ^ has given 
a table of bond-energies for a large number of bonds. Pauling's values 
are derived, practically entirely, from thermochemical data compiled by 
Rossini and Bichowsky ^ and published in The Thermochemistry of 
Chemical Substances/’ in 1936. Since that date, several new thermo- 
chemical and spectroscopic measurements have appeared, in consequence 
of which it now seems opportune to review the bond-energies as given by 
Pauling, in the light of more recent data. 

^ L. Pauling, The Nature of the Chemical Bond, 1939, chap. 2, 

^ Bichowsky and Rossini, Thermochemistry of Chemical Substances, 1936- 
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1. Single -bonded Diatomic Molecules. 

Bond-energies in single-bonded diatomic molecules are directly ob- 
tainable from thermochemical or spectroscopic estimations of the heats 
of dissociation. Herzberg ® has recently compiled an extensive and critical 
list of the molecular constants (including dissociation energy) of a large 
number of diatomic molecules : from Herzberg's quoted values the bond- 
energies (at room temp.) of Ha, the halogens, and the alkaii-metais are 
as follows : — 


rH— H 

104' I 

Li — ^Li 

27*2 

F— F 

63-5 

Na— Na 

i8*5 

Cl— Cl 

58-1 

K— K 

12*8 

Br— Br 

46-3 

Rb— Rb 

12*2 

U-I 

36-4 

Cs — Cs 

11*3 

(all 

values in k. 

,cal. mole-^). 



These values are practically identical with the corresponding figures quoted 
by Pauling. 


2. Bond-energies Derived from Polyatomic Molecules. 

To derive the bond -energies of single covalent bonds linking multi- 
valent atoms {t,g. P — ^P, N — ^N, O — O) it is necessary to use data obtained 
on polyatomic molecules. If it can be assumed with reasonable certainty 
that the M — M bonds in a molecule are all normal single bonds, then 
it follows that the M — bond-energy is given by the heat of formation of 
Ma, (gas) from the gaseous atoms {Qa) divided by the number of M — 
bonds in the molecule Mj.. The bond-energies P — P, As — As, S — S, 
Se — Se, and C — C may be computed by this method. 

(cl) The P — P Bond-energy. — ^Pauling quotes the value 18-9 k.cal. 
for the P — P bond energy. The derivation involves, at one stage, a 
knowledge of the dissociation energy of the P^ molecule, for which 
Bichowsky and Rossini quote : 

P,(g') 2P(g) - 42-2. 

A recent spectroscopic examination of the Pg molecule by Herzberg * 
shows the above value to be considerably in error, the recommended value 
now being xi6*9 k.cal. Using Herzberg 's value, the P — P bond-energy 
is derived as follows : 

r(i) P(c) ->p,(g)-i3.2 (Ref.: B, and R:) 

\ (2) P4(g) -> 2P,(g) - 30 (Ref. : B. and R.) 

43) Pate) 2P(g) - 116*9 (Eef. 4) 

whence : 

P(c) P(g) - 69*25 
P4(g) 4Pfe) - 263-8 

from which, since the P4 molecule contains 6 P — P bonds, the P — P bond- 
energy is 44 k.cal. 


® G, Herzberg, Moleculay Spectra and Molecular Structure, 1939, p. 483. 

*.See ref 3, and Herzberg, Herzberg, Milne, Can. J. Res., 1940, 18, 139. 

* It should be noted that this value (44 k.cal.) refers to the P — P energy in 
the molecule P4, in which the P — ^P — angles are all equal to 60°. 

In compounds in which the P — -P bonds are directed at the normal angle of 
90° (for p bonds), we might expect the P — ^P bond-energy to be greater than 44 
k.pal. Using the method of Pauling ® which relates bond-strength to the overlap 
of the radial parts of the wave-functions ijipg., ijspy, ifsp^ where 

[Px = Vs sin 6 cos p 
\pv ~ V3 si^ ^ sin p 

Kpz “Vs 6 [Foottiote continued on opposite page. 
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(6) The As — As Bond-energy. — Pauling's value* of 15*1 kxal. for the 
As — As bond-energy uses the value of 35 k.cal. as quoted by Bichowsky 
and Rossini for the energy of dissociation of As 2(g), More recent spectro- 
scopic measurements by Kinzer and Almy « yield 92*2 k.cal. for tliis 
quantity, from which we re-estimate the As — ^As bond-energy as follows : 

1^(1) As(c) ~>As4(g) — 30‘4 (Ref.: B. and R.) 

I (2) As^(g) -> 2As2(g) — 21 (Ref. : B. and R.) 

1(3) Asafe) 2As(g) —92-2 (Ref. : 6) 

whence : 

As(c) ^As(g) - 58*95 
As^g) -^4As(g) - 205-4 

and the estimated As — As bond-energy = 34-2 /i.cal. mole-^.* 

(0) The S — S Bond-Energy. — ^The bond-energy of the S — S bond may 
be derived from thermal data involving the molecules Sg, Sg, and Sg. The 
value estimated here dijffers from that of Pauling, in that we have chosen 
the recent value obtained by Olsson for the heat of dissociation of the 
S2 molecule, i.e. 84 k.cal., in place of the value 102-6 k.cal, quoted by 
Rossini. The relevant thermochemical data are ; 


from which : 


r(i) dSsCg) 4So(g) - 29 (Ref. : B. and R.) 

- (2) Se(g) 3S2(g) - 64 (Ref. : B. and R.) 

1.(3) Safe) -> 2S(g) — 84 (Ref. : B. and R.) 


Sg(g) 8S(g) - 431 


giving for the S — S bond-energy, S — = 53-9 mole-^ 

(d) The Se — Se Bond-energy. — ^Herzberg ^ quotes the value 63 k.cal. 
for the heat of dissociation of the molecule Sea(8) : combining this vdth 
thermal data quoted by Bichowsky and Rossini, we have : 

/(i) Se6{g) ‘->3862(8) — 56 (Ref. : B. and R.) 

1(2) Sea(8) ->2Se(g) -63 (Ref.: 3) 

from which 

See(g) -> 6Se(g) - 245 

and the bond-energy Se — Se = 40-8 k.cal, mole-^. 

(e) The G — -G Bond-energy. — The C — C bond-energy has been derived 
from the heat of sublimation of diamond, to which it is simply related 
and given by (where L = sublimation heat). There has been much 
controversy concerning the value of L, and at the present time apparently 
good, but conflicting evidence points to each of the three values, L = 125, 


and 0, <j& are the angles used in spherical polar co-ordinates, the relative strength 
of two bonds with bond-angle 90°, and with bond-angle (90 — 2a)® is given by : 

Apfl _ 3 

■1^(00- !!«) 3 oc 

or R{pQ_2(j!) =: Rjjo . cos“ a. 

In P4, each P — P bond is strained through an angle a = 15° from the normal : 
since = 44» we have = 44/cos^ 15° or, the normal " P — P bond- 

energy, Bgo — 47'2 k.cal. 

The transformation formula a must be regarded as an ap- 

proximation : it is not certain that bond-strength is quantitatively related to the 
degree of overlap of the wave-functions, which assumption is made in deriving the 
formula. 

® Pauling, loc. p. 85. 

® Kinzer, Almy, Physic Rev., 1937, 

* The structure of As^ is exactly analogous to that of with the angles 
As — As — As = 60®. The bond -energy 34*2 therefore refers to As — As bonds, 
strained through an angle of 15®, The normal " bond-energy of As — As bonds 
at 90° angle is derived as 36*7 k.cal, 

’ Olsson, Z. Physik, 1936, 100, 656 ; Dissertation, Stockholm, 1938. 
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L = 136, and L = 170 k.cal, Pauling chose the lowest of the above 
values as correct, and thus assumed the C — C bond-energy — 62 
k.cal. mole-^ 

The principal evidence for the value L ~ 125 derives from Herzberg’s » 
interpretation of the spectrum of CO. This author concludes that the 
most probable value for the dissociation energy of CO is D(CO) = 210*8 
kxal., which combined with the known heat of formation of CO yields 
the value 125 for L. On the other hand, Hagstrum and Tate » in a review 
of the evidence supplied by electron impact experiments on CO, conclude 
that the data is compatible only with the value Z)(CO) = 221*3 k.cal, 
corresponding to L = 136. Evidence for the highest value (L = 170) 
is provided by direct measurement of the sublimation heat by Marshall 
and Norton, 10 from measurement of the dissociation energy of cyanogen 
by White, from theoretical calculations by Kynch and Penney, whilst 
indirectly, Baughan has argued that the high value of L provides a suit- 
able explanation of the observed energy of rupture of the first C — H bond 
in methane, measured at 102 k.cal. by Kistiakowsky, Stevenson, and 
others. Most of these arguments favouring L = 170 have been criticised 
by Herzberg : in addition, Mulliken and Rieke deny that the theor- 
etical calculations by Kynch and Penney provide evidence favouring 
L = 170. 

This short (and incomplete) summary of the available evidence is 
sufficient to indicate the present uncertainty : we shall, therefore, not 
specify any particular choice for the C — C bond energy, but write it as 
= where L is given the values 125, 136, and 170 k.cal. 

(/) The O — O Bond-energy. — ^The value 34*9 k.cal derived by Pauling 
for the O — O bond-energy was obtained from the experimental value for 
the heat of formation of HgOg, coupled with the assumption that the 
— OH bond-energy in H2O2 is identical with the — ^OH bond-energy in 
H^O. In amending Pauling's value, it is in this latter assumption that 
we differ. 

Dwyer and Oidenberg have found that the bond energy in the free 
radical — OH is 100 k.cal, whereas the accurate thermal measurements 
of Rossini lead to a mean bond-strength of OH in H^O of 110*4 E-cal. 
This reduction in bond-strength in the free radical is reflected in the 
increase in bond-length compared with HgO (0*971 a. in — OH, com- 
pared with 0*955 H2O). 

A tentative explanation of the weaker binding existing in the free radical, 
can be given in terms of the resonance structures participating in — OH 

O— H O H H/ NH H/ H H 

(i) (ii) (iii) (iv) (v) 

and H^O molecules. In the radical, the two major contributing structures 
(i) and (ii) are matched in the water molecule by the corresponding 

+ o" + 

structures (lii), (iv), (v), but the completely ionic structure H H 

® Herzberg, Chem. Rev., 1937, ^o, 145. 

® Hagstrum and Tate, Physic. Rev., 1941, 59, 354. 

Marshall and Norton, J.A.C.S., 1933, 53, 431. 

White, /. Chem. Physics, 1940, 8, 459. 

Kynch and Penney, Proc. Roy. Soc., A, 1941, 179, 214. 

Baughan, Nature, 1941, 147, 542. 

Anderson, Kistiakowsky, van Artsdalen, /. Chem. Physics, 1942, 10, 306, 
Stevenson, ibid., 1942, 10, 291. Kistiakowsky and van Artsdalen, ibid,, 1944, 
12, 469. 16 Herzberg, ibid., 1942, 10, 306, 

Mulliken, Rieke, Rev. Mod. Physics, 1942, 14, 259. 

Dwyer, Oidenberg, J. Cham. Physics, 1944, 12, 351, 

Rossini, Bur. Stand. J. Res., 1931, 6, i. 
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(which Pauling has estimated to contribute some 8 % to the total 
resonance in H2O) has no counterpart in the radical. It is possible 
that the resonance involving this structure is sufficient to explain the 
increased binding energy in HgO over that in — OH. 

If this explanation is correct, we may argue from it that the binding- 
energy of — OH in H2O2 is likely to be less than the energy in HgO. The 
major resonance structures in the molecule H2O2 may be represented by 
{vi)-(ix) 


H 


/ 


.0—0/ 

(Vi) 


-H 


+ o- 

H 


-o/' 


■H 


_ H 


H 




(vii) 


0—0 

(viii) 


-f 

- - H 
+ 0—0 
H 

(ix) 


+ 

H 


+ 

H 


and we may note that the purely ionic counterpart to the structure (x) 
is not possible. On the other hand, the resonance involving 
(ix) may be expected to increase the OH energy in H^Og 
over that in the radical. These considerations lead to the 
O general conclusion that the — OH bond energy in hydrogen 
peroxide should lie within the limits ii0‘4— -100 k.cal., prob- 
ably slightly nearer the lower than the upper limiit. We 
have chosen the value OH 102 k.cal., as the most likely. 

Bichowsky and Rossini quote : 

Ha(g) + O^ig) H,02(g) + 33-6 

which yields for the heat of formation from gaseous atoms Qaiszon) = 255*7 
k.cal. Using our chosen value 102 for the OH bond-energy, we obtain 

52 k.cal. mole-^ for the O — O bond-energy.* 

(g) The N— N Bond- energy. — The N — H bond-energy value of 20 k.cal. 
obtained by Pauling from the heat of formation of hydrazine, and the 
assumption that the NH bond-energy in hydrazine is the same as that in 
ammonia, is probably a low value :• this is partially due to the assumption 
made concerning the NH bond-energy, and also because of the change 
recently proposed by Gay don 2® in the value for the beat of dissociation 
of nitrogen. 

The relevant thermochemical data are : 

/(i) N2(g) 2N(g) - 225 (Ref. : 20) 

t(2) iNg(g) 4- fHg(g) NH2(g) + ri (Ref. : B. and R.) 

from which QadTHa) = 279*6, and the NH bond-energy in NH3 is 93*2 
k.cal. 

( 3 ) N2(g) -h 2H2(g) ^ NgH,(g) ~ 22*3 (Ref. : 21) 
from which = 4x1*0 k.cal. 

The N — ^N bond-energy is thus given by 41 1—4 (NH) where (NH) is 
the mean NH bond -strength in hydrazine. 

An estimation of the NH bond-strength in NgH^ can be made from a 
consideration of the resonance structures participating in the molecule, 
in similar manner to the estimation of OH in HgOg. The hydrazine 
molecule diHers from NHg in that resonance structures of the type 


Pauling, loc. cit. 4 p. yi. 

* This value may be compared with a calculated value for the O — O bond- 
energy of ^ 55 k.cal., derived from a semi-empirical quantum-mechanical method 
by Sokolov. footnote in his paper, Sokolov refers to an estimation of the 

O — O energy in the ion "O— for which Kazarnovsky obtained a bond-energy 
value of 53 k.cal. 

2® Gay don. Nature, 1944, 153, 407. 

Sokolov, Acta Physicochim. 1944, 19 1 208. 

Kazarnovsky, /. Phys. Chem. Russ., 1940, 14, 320. 
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"n" H+ are not possible : this should, render NH a weaker bond in 

than in NH3. The difference is probably very slight, since it is unlikely 
that the triply ionised structure contributes in a major way to the reson- 
ance in the NH3 molecule. We have chosen to take NH ^ 92 k.cal. as 
the best value, which leads to a value of ^ 43 k.cal. for the N — H bond 
energy. The chosen value may be compared with the value ^048 k.cal. 
calculated by Sokolov by a semi-empirical quantum-mechanical method. 

{h) The Si — Si Bond-energy. — The value quoted by Pauling for the 
Si — Si bond-energy (42*5) derives from the heat of sublimation of silicon 
quoted at 85 k.cal. by Bichowsky and Rossini. There is, however, some 
uncertainty in this value ; as Rossini writes ; 2 Ruff and Konshak 
measured what they believed to be the vapour pressure of silicon Apart 


TABLE I, — Bond-Energies and Bond-Lengths in A — A Bonds. 


H— H 

104*1 

0*74 

Li— Li 

' C— C 

N— N 

0 

1 

0 

F— F 

a 7’2 


(43) 

(52) 

63*5 

2*672 

1*544 

1 * 45 ^ 

1*46 

1*435 

Na— Na 

Si— Si 

P— P 

S— S 

Cl — Cl 

18*5 

( 51 * 3 ) 

47*3 

53*9 

58*1 

3*079 

2*32 

2*20 

2*07 

1*989 

K— K 

(jrC — GS 

As— As 

Sg — S e 

Br— Br 

12*8 

(34) 

36*7 

40*8 

46*1 

3*923 

2*41 

2-44 

2*32 

2*284 

Rb— RL 

12*2 

( 4 * 23 ) 

Cs— Cs 

11*3 

U* 4 ^) 




I— I 

36*4 

2*667 


* jL = 125, 136 or 170. 


from this rather dubious measurement, there does not appear to be any 
direct thermochemical data available from which to make a reliable 
estimate of Si — Si energy. Probably the best estimate at present, derives 
from the kinetic measurements of Emeleus and Reid 24 on the thermal 
decomposition of disilane. These authors find that the first step in the 
decomposition is the rupture of the Si — Si bond, with which process an 
activation energy of 51-3 k.cal. is associated. We may identify this with 
the Si — Si bond -energy in disilane, and accept the value of <--'51 k.cal 
provisionally, until reliable thermal data is available. 

(i) The Ge — Ge Bond-energy. — ^The sublimation heat of Ge is not 
known, and the value given by Rossini and Bichowsky (85 k.cal.) is an 
estimate only. As in the case of the Si — Si bond, no thermal data is yet 
available to enable an assessment to be made of the Ge — Ge bond-energy. 
The kinetic measurements by Emeleus and Jellinek 2® on the decomposi- 
tion of digermane, which the authors state proceed by an initial rupture 
of the Ge — Ge bond, may be interpreted to imply that the Ge — Ge bond 
energy is approximately 34 k.cal. /mole -1. 

Corruccini, Gilbert, JA.C,S., 1939, 61, 2642. Hieber, Woerner, 
Z. Elektro., 1934, 4^> 252. 

24 Emeleus and Reid, J.C.S., 1939, 1021. 

2® Emeleus and Jellinek, Trans. Faraday Soc., 1944, 4 ®j 93* 
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In Table I, the bond-energies of single normal bonds of type A — A 
derived above, are collected together, and listed with the bond-lengths 
with which these energies are associated. 

3. Bond -energies of Bonds Type A — B. 

The bond-energies of bonds of the general type A — may be derived 
directly in case of single-bonded diatomic molecules {e.g., HCl) from the 
heats of dissociation : in case of polyatomic molecules, ABg, AB^, AB4, 
etc., the bond-energy E is given by Qah^y where = heat of formation 
of the gaseous molecule AB„ from the gaseous atoms A and B. This 
equation assumes that all the bonds A — B in AB^ are equivalent. It 
should be pointed out that the bond-energies calculated as above give 
the mean bond-energy of a bond within a molecule at the equilbrium 
internuclear distance ; the E values so obtained are not necessarily the 
^ame as the energies that may be required to break an A — ^B bond in a mole- 
cule AB^ : in general the energy required to break ofi a single atom from 
a polyatomic molecule will differ from the value E calculated as described.* 
In Tables II and III, bond-energies of a number of bonds to hydrogen 
and the halogens are tabulated, together with the relevant thermal data. 
In the columns headed E^^ calculated values of the bond-energies are 
given, derived from the arithmetic mean postulate of Pauling, i,e, 

= i(*^A-A + 

where the values A — ^A and B — are taken from Table I. The columns 
headed AE quote the values of E — E^. 


* TABLE II. — Bond-Energies of M — H Bonds. 


Molecule. 

Bond. 

Qa' 

E, ' 

! 


dE. 

CH4 

C— H ' 

(226*1 -b L) 

(56-5 + IL) j 

(52 4- it) 

4*5 

NH3 

N— H 1 

279-6 

93*2 ! 

73-5 

19.7 

OH2 

0— H 

220*9 

110*2 

78*0 

33-4 

SHa 

S-H 

166 

83 

1 79*0 

4.0 

PHa 

P— H 

227.7 

75*9 

75*6 

0*3 

AsHg 

As— H 

I7r*5 

57*2 

; 70*4 

— 13*2 

FH 

' F— H 

i48*8(h) 

148*8 

83*8 

65*0 

CIH 

a— H 

I02»9 (h) 

' 102*9 

1 81*1 

21*8 

BrH 

Br— H ^ 

87*6(H) 

87-6 

75-1 

12*5 

m 

I— H 

7i-2(a) 

1 71.2 

70*2 

1*0 

SiH4 

1 Si— H 

3 I 9 * 5 (&) 

79-9 

77*7 

2*2 

SeHa 

1 Se — H 

130*8 

65*4 

72*4 

- 7*0 

1 


* Qa values from Bichowsky and Rossini heats of formation, except those marked (h), taken from 
Herzberg.® 

{a) Quoted by Hulbert and Hirshfelter.®® 

(6) Based on the assumption that the heat of sublimation of silicon = 102*6 k.cal. {i.e. twice the bond- 
energy). The E(si-.h) value may be compared with the value 80*5 k.cal., obtained experimentally by 
Emeleus, Maddock, and Reid,®® 

If the E and AE values given in Tables II and III are compared with 
the corresponding figures quoted by Pauling, it will be noted that although 
the E values differ in a number of the examples, the AE values are closely 
similar. The bond-energy values recommended here do not, therefore, 
call for alteration in the electronegativety scale set up by Pauling on the 
basis of his original bond-energy values, 

* See papers by Butler and Polanyi,®’ and by Evans, Baughan and Polauyi.®® 
Pauling, loc. p. 48. 

Butler and Polanyi, loc. cit., 1943, 39, 19, 

Evans, Baughan, Polanyi, loc. cit., 1941, 37, 377. 

Hulbert, HirsMelter, J. Chem. Physics, 1941, 9, 61. 

Emeleus, Maddock, Reid, J.C.S., 1941, 357. 
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STABLE III. — Bond Energies of M-Haeogen Bonds. 


Molecule. 

Bond. 


E. 


AE. 

CIF 

Cl— F 

86*5 

86*5 

6o*8 

35-7 

ClBr 

Cl— Br 

53 ‘o(H) 

53-0 

52*1 

0-9 

ClI 

Cl — 1 

50-5 (K) 

50*5 

47-2 

3*3 

Brl 

Br— I 

42-8(h) 

42*8 

41*2 

1*6 

OF2 

0— F 

ii7”0 


57-7 

0*8 

OCI2 

0— Cl 

98*9 

49*5 

55 

- 5*5 

NF3 

N— F 

234 - 4 (r) 

78*1 

53-3 

24-9 

NClg 

N— Cl 

i38*6(r) 

46*2 

50*5 

- 4*3 

CF4 ' 

C— F 

(290 -h L) 

(72*5 + m 

(31-7 + m 

40‘8 

cch 

C— Cl 

(143 + L) 

( 35-5 + li*) 

(29*0 + m 

6*3 

CBr^ 

C— Br 

(96 4- L ) 

(24*0 + IL) 

(33*0 + II ) 

1*0 

SiF^ 

Si— F 

589-7 

147-4 

57-4 

90*0 

SiCh 

Si— Cl 

361-3 

90*3 

54-7 

35-6 

GeCl4 

Ge— Cl 

399-6 

99-9 

46*0 

53*9 

PCI3 

P— Cl 

226*4 

75-5 

52*6 

22*9 

PBrg 

p— Br 

i85*2(r) 

6i*7 

46*6 

15*1 

Pis 

P— I 

I 27 * 2 (r) 

42*4 

41*8 

0*6 

ASCI3 

As— Cl 

210*1 

70*0 

47-4 

22*6 

AsBrg 

As— Bi- 

173-0 

57*7 

41*4 

i6*3 

Asig 

as — I 

128*2 

42*7 

36*6 

6*1 

SF, 

S— F 

509*1 

84*8 

58*7 

26*1 

SeFfl 

Se— F 

481-7 

80*3 

52*1 

28*2 

SeClg 

Se— Cl 

II 3-3 

56*6 

49-5 

7*1 


* The Qa values are derived from heats of formation by Bichowshy and Rossini, except those marked 
(h) from Herzberg, and those marked (r), taken from 0. K. Rice.®^ 


4. Bond -energies of Multiple -bonded Linkages and the Variation 
of Bond -energy with Bond-length. 

(a) G — G Bonds. — ^The energies of multiple-bonded C — C linkages can 
be estimated from thermochemical data on the unsaturated hydrocarbons, 

if reasonable 
values for the 
C — H bond-ener- 
gies in these mole- 
cules can be as- 
sumed. The 
simple assumption 
that the C— H 
bond-energy can 
be put equal to 
.E(oh) hi CH* seems 
to us only justifi- 
able in case where 
C— H has the 
same bond-length 
as it has in CH4. 
Exact spectro- 
scopic measure- 
ment has shown 
that in ethylene 
the C — H bond- 
length is 1*071 A, 
and in acetylene, 
1*057 A — i.e. in 
both these mole- 
cules C — H is shorter than in CH4. We shall postulate that short bonds 
are strong bonds, and apply this in an arbitrary manner to estimate the 

O. K. Rice, Electronic Structure and Chemical Binding, 1940, p. 192. 
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variation of bond-energy with length in C — H bonds. The assumption 
made is that there is a linear relationship between the energy and length 
of C — links. The two points by which the cnrve is fixed are taken as 

(1) C — in methane ; 

(2) the ideal covalent C — bond. 

The length of (i) is accurately known, = 1*093 a., and the energy is 
given by 0J4, where = (226*1 -|- L). The length of (2) we assume 



to be given by the sum of the covalent radii of C and H = Jrcp + 

= I ‘142 A., and the energy we assume to be given by the additive mean 
postulate of Pauling, i.e. £:(CH) = ^(104*1 4 - il*). The C — energy- 
length curves derived from these assumptions are given for each of the 
three possible values of L in Fig. i. From Fig. i, we can obtain the C— H 
energies in ethylene, acetylene, and allene, in which compounds the C — 
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lengths are known. These assumed energies, plus the accurate thermal 
data now available, enable the C — C energies to be obtained : the data 
are collected in Table IV, and the derived energy length curves for C — C 
bonds shown in Fig. 2. These may be compared with a similar curve 
drawn by Fox and Martin, from which they differ slightly, in view of our 
assumption of the variability of the C — bond-energies. 

TABLE IV. — Bond-Energies in C — C Links.* 


Molecule. 

^'0-C- 


cv* 


L - 

125. 

L - 

= 136. 

L « 

170. 

i 


1 

•Eoh- 

•^Cc* 

■^OH- 

1 

-^CC- 

Diamond 

I-5445® 


_ 

„ 



62*5 



68 


: 85 

Graphite 

1‘4210*' 


— 

1 

— 

82*5 

— 

90-7 


1 113-3 

Ethylene ; 


l-oyjc 

—12*56 

(195-6+ 2L) 

S9-9 

86*0 

92-5 

97-6 

lOI-I 

I3X-2 

Acetylene 

1*204^ 


-54-23 

(49-9+ 2L) 

91*2 

117*5 

93*7 

X34-5 

101*9 

186*1 

Allene 

1*330® 


-46*05 

(162-1+ 3L) 

88*3 

92*0 

91*0 

103*0 

99*5 

137-0 


* (a) Riley.®® (&) Private coiimiunication from Dr, V. P. Riley. 

(c) Galloway and Barker.®* ((i) Herzberg, Patat and. Spinks.®® 

(« j Eyster : note that Eyster estimated C — H in allene, by use of Badger’s rule, and that the 
allene distances are therefore less certain than the others quoted. 

All Qf values axe taken from Rossini.®’ 

It will be observed from Fig. 2 that whereas the points calculated for 
L =: 170 lie on a smooth curve, the points corresponding to the bond- 
energy in grapliite lie slightly off the curves drawn for L = 125 and 
L = 136. This may be interpreted to imply that L == 170 is the correct 
value to assign to this quantity : but another explanation can be given, 
which would render the apparanetly good fit of the graphite point in the 
curve L = 170 fortuitous. The energy of C — C in grapliite was assumed 
equal to fL, since it is necessary to break the bonds attaching a given 
carbon atom to its three neighbours, when the given atom is volatilised 
from the graphite lattice. This assumption neglects the energy required 
to overcome the van der Waals attractive forces between the layers in 
the graphite lattice. Should the interlayer attractive forces correspond 
to an energy of 3-4 k.cal. per gram-atom (which would not seem un- 
reasonable), the calculated 0~C energy in graphite should be reduced by 
this amount, and the points for L = 125 and L = 136 would now lie on 
the smooth curves, whereas the point for L ijo would lie beneath 
the curve. 

The C — and C — C energy-length enrves can be nsed as starting- 
points from which to derive similar curves for a number of different bonds. 
Before making this extension, however, we shall consider the C — C and 
C — H energies in the saturated hydrocarbons. Table V summarises the 
thermal data. 

The assumption has been made (in Table V) that the C — C bond- 
distances remain the same in the higher hydrocarbons as in ethane ; in 
so far as this is correct, there is a gradual decrease in the mean C — H 
bond -energy from CH4 to ethane, and the higher homologues. 

Some special interest attaches to the compound cyclopropane : the 
electron diffraction investigation of CgHg gives 1-53 ± 0-03 a. for the 

Fox, Martia, 1938, 2106. 

Riley, Nature, 1944, 153, 5S7. 

Galloway, Barker, /. Ch&m. Physics, 1942, iO, 88. 

Herzberg, Patat, Spinks, Z. Physik, 1934, 9^, 87. 

Eyster, /. Chem, Physics, 1938, 6, 580. 

Rossini, The Chemical Background to Bngine Peseavch, 1943, Chap. 2. 
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C — C distance, which seems to imply that whereas the C — C bond^energ;^^ 
is greater than in ethane, the C — energy is markedly less. Since the 
<3 — c — C bonds are relatively under a greater strain than the H — C — H 
bonds, we should expect the contrary state of affairs. Even if the upper 
limit allowed by the difiraction study of 1*56 A. is taken as the correct 
€ — C distance, the C — H bond-energy still appears to be low. We are 
inclined to the view that in the case of cyclopropane, the C— C bond-energy 
is less than we should deduce from its observed length, and from Fig. 2. 

TABLE V. — BonD'En'ERQIes is the Saturated Hydrocarbons.* 


jMolecule. 

0 /- 

Qa* 

»CC- 


125. 

L = 

136. 

L = 

170. 

Ecc* 

-Eoh* 

■Ecc* 

■Ech* 

•Ecc. 

^OH* 

CH4 






87-8 


90*5 


99-0 

CaH, 

20*19 

(332-5 -r 2 L) 

1 * 55 “ 

62 

86*7 

67*4 

8 P ’5 

83*8 

98*1 

CaHs 

24*75 

(441-2 + 3L) 

(i* 55 )* 

62 

86*5 

67*4 

89*3 

83-8 

97*9 

n — C4H10 

29*72 

( 550*2 -f aL) 

( 1 * 55 )^ 

62 

86-4 ! 

67*4 

89*2 

83*8 

97-8 

n — CsHia 

34*73 

(659*3 + 5 ^) 

{x- 55 }^ 

62 

86*3 

67*4 

89*1 

83*8 , 

97*8 

cyclo-propane 

— I2-8i 

( 299*5 -r 3 ^-) 

1 * 53 ® 

( 63 * 7 ) 

(80*6) 

( 69 - 8 ) 

(83*0) 

( 87 * 8 ) 

(91*0) 


*Qf values from Rossini,^’ (a) Pauling and Brockway.®® (&) assumed. 


The original statement made concerning the dependence of bond-energy 
and bond-length requires amendment, as follows : the bond-energy of a 
bond within a molecule is a function of the bond-length, and the hond-angle : 
when the bonds are disposed at the '' normal '' bond angles, the energy is 
determined by the length, but should the bonds be strained through an appreci- 
able angle, the bond-energy may be reduced without effecting a corresponding 
increase in bond-length. 

In cyclopropane, the C — C — C bond angle is 60"^, corresponding to a 
strain in each C — C bond of 25°. Applying the transformation formula 
given in the footnote (p. 647), w'e may estimate (approximately) the 
“true" C — C bond-energ>^ in CgHa by writing Egoo = cos^ 25°. 

The amended C — C energies yield values (Table Va) for which we 
consider more likely than 
those quoted in Table V. 

The reduction in bond- 
energy resulting from 
angular strain assists in 
explanation of ' the ap- 
parently negative resonance 
energies (AE) in OClg, and 
perhaps in NCI 3 (see Table 
III). The bond-length in OCIg is roughly normal, and the O — Cl bond- 
energy should be equal to, or slightly greater than E^, But the bond- 
angle in OCI2 has been measured at 115° corresponding to an angular 
strain in each O — Cl bond of the effect of which will be to reduce 
the bond-energy by some 3 k.cal. 

The ozone molecule is a further example in which the observed bond- 
energy (relative to its length) appears to be small : it is possible that in 
this case also the low energy results from angular strain. 

(&) G — O Bonds. — ^The energies of the C — O bonds in a variety of mole- 
cules have been estimated, using Figs, i and 2 to derive the energies of 
the associated C — H and C — C bonds. The calculated energies and other 
data are given in Table VI. 

38 Pauling, Brockway. J,A,C.S., 1937. 5 % 


TABLE Va. 

11 

L = 136. . 

H 

li 

-EOC *E<jh 

•^00 -Eoh 

■Eoc Eoff 

52-3 86*3 

57-2 89*3 

72*1 98*9 
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TABLE VI.— Bond-Energies and Lengths of C — ^0 Bonds. 


^ilolecule. 

^00- 

^00* 

Qf 

Qn • 




L == 125. 

L ~ 136. 

L = 170. 

CO 

1*128 



26*84 

(85*8 4 - L ) 

210*8 

221*8 

255-8 

CO2 

i*i6 

— 

94‘45 

(212*5 4- L ) 

i68*8 

174*2 

191*2 

HaCO 

I-2I 

— 

28*7 

(191*8 4- L) 

145*0 

150*6 

165-8 

CH3CHO 

X*22 

1*50 

44 

(311*2 4- 2E) 

145*2 

149*3 

162*9 

glyoxal 

1*20 

1*47 

75 

(297*1 4 - zL) 

152-8 

156*9 

170*8 

(CHslaO 

1*42 

— 

46*4 

(417*7 4 - 2L) 

70*5 

73-4 

8i*9 

etbylene oxide 

1-45 

1*56 

17 

(284*2 -h 2L) 

62*5 

64*7 

71-5 


*Qf values from Bichowsky and Rossini, bond-distances from Maxwell.®" 


Since the C — H distances are not accurately known in any of the 
compounds listed, certain assumptions have been made regarding the 
C — H energies. The assumptions follow from a recent paper by Linnett,^'> 
in which he has calculated the force- constants of the C — H bonds in 
several of the compounds here considered. Briefly, our assumptions are : 

Formaldehyde, — ^The C — distance is assumed = 1*114 a. accord- 
ance with the estimate of this distance made by Linnett from the calculated 
force-constant and Clark's rule.* 

Glyoxal . — We have assumed C — H in this compound to be equivalent 
to the C — bond in CHgO. 

Acetaldehyde. — ^Linnett finds that the force-constant for the aldehydic 
C — H is roughly the same as in CHgO, and the methyl C — H force-constant 
practically identical with that of C — H in CH4. Accordingly, we assume 
the aldehydic C — to be equivalent to C — in formaldehyde, and write 
the energy of the methyl C — bonds equivalent to the C — energy in 
methane. 

Dimethyl Ether. — ^The C — force-constant is calculated to be almost 
identical with that of C — in methane, and we assume the energies of 
C — to be the same as those in CH4. 


* TABLE VII.— Bond -Energies and Lengths of C — N Bonds. 


Molecule. 

^CN* 

^OH* 


C?a* 

7 i( 0 N) caJc. 

L — 125. 

L ~ 136. 

L =a 170. 

HCN 

1 * 15 ® 

i*06 



(133*8 4 - L) 

107-9 

176*3 

201*7 

C2N2 

i*i6^ 

— 

1-37 

(154-0 4 - 2L) i 

i6o*i 

165*5 

183*8 

— CN 

1.172C 

— 

— 

(13*4 4- L) 

138*4 

149*4 

183*4 

CH 3 N, 

1-47* 

p 


(380*0 4' L) 

58*9 

6 i *5 

70*7 


* (a) Herzbei'g and Spinks.*^ 

{&) Quoted by Maxwell.®" 

(c) Quoted by Herzberg.® 

Qa values (except — CN) derived from data given by Bichowsky and Rossini. 

""Maxwell, J. Opt. Soc. Am., 1940, 30, 374, 

^"Linnett, Trans. Faraday Soc., 1945, 41, 223, 

* The value C — = i -in a. is obtained from the accurately known moments 
of inertia of the formaldehyde molecule (Dieke and Kistiakowsky if we assume 
the H — C — H angle to be the same (120°) as in ethylene, and write C — O — 1*2 1 A. 

Dieke, Kistiakowsky, Physic. Rev., 1934, 45, 4. 

Herzberg, Spinks, Pm. Roy. Soc., A, 1934, 147, 434. 
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Ethylene Oxide.— We assume C— H in ethylene oxide to be equivalent 
to C— H in cyclopropane. In the calculations of the C— O en^gy, cor- 
rections have been made for the reduction in energy due to the angular 
strain. 

The energy-length curve for C — O bonds is sho-wn in Fig. 3. Although 
we have calculated the C — O bond-energies for all three values of L in 
Table VI, only the curve corresponding to T = 136 is reproduced here, 
for reasons of economy of space. The curves for L = 124 and L = 170 
are very similar in general form to the curve shown. It should not be 
concluded that we have any particular preference for the value L = 136, 
which is chosen solely because it approximates to a mean between the 
two extremes. 



Fig. 3. 

(c) G — N Bonds. — The energy-length curve for C — bonds is given 
(L = 136) in Fig. 3, and the thermal and other data summarised in 
Table VII. 

In the estimation of the C — N energy in methylamine, we. have as- 
sumed the N — H energy to be slightly less than in NHg {E = 90), and 
taken the C — H energy equal to the energy of C — in ethane. These 
assumptions follow from the estimated force-constants in this molecule, 
as given by Linnett.'^® 

(d) N — O Bonds. — ^The curve relating energy to length for N — O bonds 
is given in Fig. 3, and drawn from the data summarised below : — 

(a) NO. = 149-9 rso = 1-150 -Bwoi = 149-9 

(b) NO2. = 222-6 rso = 1-21 Effio) = 111-3 

(c) HNO,. 0 „ = 376-0 
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The structure of HNO 




has been shown to he xhe two bonds, 

,H energy = 222-6 (as in NOg) and 

the ~-OH bond we assume to have an energy close 
to that of —OH in HgOa, which has been estimated 
previously at 102 k.caL By difference, the energy 


1*41 




of the NO bond, is calculated at 52 k.cal. 

{d) CH3NO2. Qa '= (4^5’^ H~ ^'cN ^ ^*47 %o 



The force-constant of the C— H bonds in nitromethane is slightly 
larger than that of C — in methane, from which we assume = i -09 a. 
The value is taken from the C— -N curve given in Fig, 3. The 
derived energy of the N — 0 bond is 103*5 k.cal. and is independent of the 
assumed value for L, 

{e) G G1 Bonds. — ^The C — Cl energy-length curve given in Fig. 4 
{L = X36), is based upon the data collected in Table VIII. 


* TABLE VIII. — C — Cl Bond Energies and Bond-Lengths. 


Molecule. 

^'col- 

^00* 

''CO- 

c>«. ^ 


L “ 125, 

; L = 136. 

II 

p 

CCI4 

1-755 





(i42'i -1- L ) 

66*8 

69.5 

78-0 

CjCl^ 

1-73 

1-38 

— 

(IIO -2 -h 2L) 

69*5 

i 72*3 

8i-6 

CHg “ CUCl 

1*69 

1-38 

' — 

(176*2 -1- sL) 

73*9 

77-3 

88-6 

C0012 

1-68 


I- 2 I 

(170*6 4- L ) 

75-3 

78-0 

87*4 


* Bond-distances from Maxwell,®® Qa values -derives from data given by Bicbowslcy and Rossini. 


^3 Maxwell, Mosley, J. Chem. Physics, 1940, 8, 738. 
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The C — H bond-length in vinyl chloride has been assumed 1*07 A.i 
to comply with the calculated force-constant, which is slightly larger than 
that of C — in ethylene. 

if] ^ — S S — O Bonds, — ^The curves for C — S and S — O bonds 

given in Fig. 4 are based upon very scanty data, and can only be taken 
as a rough indication of the energy-length variation in these bonds. The 
data used are given in Tables IX and X. 


TABLE IX.— C—S Bonds. 


Molecule. 

^OS- 

^00* 

1 

Qa^ 


! 

L — 135 

L = 136 

L =5 170. 

CSg 

1*56 



(9i‘2 + L) 

io8-i 

ii 3'6 

130-6 

COS 

1-56 

i*i6 

(150-6 + L) 

io6'8 

112-4. 

129-4 

(CH3)oS 

1-82 


(376-9 + zL ) 

50-1 

53-9 

6 i -5 


In dimethyl sulphide, the C — H bonds are assumed equivalent to the 
C — H bonds in methane. 

TABLE X.— S— 0 Bonds. 


Molecule. 


Qa ‘ 


so' 

i '493 

93.2 

1 

93*3 

SO2 

i ’433 

245-6 

122-8 


5. Discussion. 

The curves shown in Figs, r to 4 bear a close similarity to one another 
in their general form. The deviation of the individual points from the 
smooth curves we have drawn is in no case large, and although the scarcity 
of molecules for which both reliable thermal and structural data is at 
present available, prevents a detailed examination of the postulate of a 
close relationship between bond-energy and length, the available data 
would suggest that these quantities are interdependent. This has been 
suspected, in a qualitative manner, for some time — as can be illustrated 
by quotation from a recent paper by Phillips, Hunter and Sutton — 
(there is) a general principle which is gaining recognition ; viz. : that 
there is a connection between the length and strength of a bond, in as 
much as abnormally strong bonds tend to be abnormally short, and weak 
ones long The quantitative relation between the energy and bond- 
length can be expressed, approximately, by the equation Ef^ = A, 
where E is the bond-energy, ^ is a bond-constant, and n a further bond- 
constant which appears to lie between the values 2-5 and 5*0 (that is, for 
the bonds here considered) , This equation applies except for the shortest 
bonds {e.g. the molecules CO and NO do not fit in at all well) . An equation 
of the type Er*^ = const, might be expected by combining the empirical 
rule of C. H. D. Clark (A^'/ = const.), with the equation kr^^jE = const., 
proposed by Sutherland.*® The value of n, for C — C bonds, depends upon 
the chosen value for L, and is best represented by the values 2*5, 2*7 and 
3*1 for the L values 125, 136 and 170. For C — O bonds, the best value 

**Phmips, Hunter, Sutton, J. Ckem, Soc., 1945, 158. 

Clark, Phil. Mag., 1935, I 9 » 47 ^- 
Sutherland, /* Chem. Physics, 194^1 
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of n does not vary according to choice of L, and is 4-4 : for N— O bonds 
we find % = 4*9, and for C — bonds n = 4*4. 

The initial assumption made that in the case of C — H bonds the 
variation of the bond-energy with bond-length is a linear function is 
probably incorrect : none the less, we do not imagine that the replacement 
of the C — H curves in Fig. i by curves following the equation = const., 
would make an appreciable difierence to the form of the curves derived 
from Fig. i. 

The bonds that have so far been considered have in all cases been 
either ''normal'* or “short** bonds. A few compounds in which the 
bonds are considerably longer than normal are known, and are of special 
interest, in so far as we should expect the long bonds to be weak. 

This expectation is borne out by examination of the bond-energies 
of the N — Cl and N — Br bonds in NOCl and NOBr, and of the SCI bond 
in thionyl chloride. 

Electron diffraction measurements by Ketelaar and Palmer on the 
molecules NOCl and NOBr have shown that in these compounds the 
N-halogen bonds are lengthened by some 0-2 a. : the heats of formation 
of both compounds are quoted by Bichowsky and Rossini, from which 
the N-halogen bond -energies may be derived : 

NOCl: - 187-8 

= 1-14, corresponding to £(^0) = ibo k.caL 
%oi = 1*95. and Ed^oi) = 27*8 k.cal. 

NOBr: Q, = i8o-8 

= 1-15, corresponding to jF(jro) = 150 k.cal. 

“ 2*14. -EufBr) ~ 3^’^ k.cal. 

Both the N — Cl and N — Br bonds appear to be weak compared with the 
normal bonds, for which r-sQi'= ^'73. -^(nod = 50 k.cal., and ~ 1*88, 
E(NBr) ~ 45 k.cal. Even by comparison with the N — Cl bond in NCI 3 
(E = 46*2), which itself is a “ weak *’ bond, the bond in NOCl is very 
much weakened. 

The series of compounds CLSO, BrgSO, McaNO and McgSO are formally 
similar, in that resonance structures involving a co-ordinate linkage to 
the 0 atom probably contribute markedly to the total resonance in each 
of these molecules (xii-xv) : 

Cl\ 4 — Br\ 4 — Me\ 4 — Mcv 4 - 

>S— O >S -~0 Me^N— O >S'— O 

CK Br/ Me^ 

(xii) (xiii) (xiv) (xv) 

In each of these compounds, electron diffraction measurements 
have shown the co-ordinate linkages to be short, and the bonds other than 
the co-ordinate link to be long : accordingly, we might anticipate that 
the bond-energies of the S — Cl, S — Br, N- — ’C and S — C bonds in these com- 
pounds are weaker than normal. 

The thermal data required to test this expectation is available only 
in the case of thionyl chloride. From the heat of formation, we obtain 
Qa = 2i 6*4 k.cal. : the observed S — O bond-length corresponds to E(ao) = 
113 k.cal., from which E(soi) = 51-7 k.cal. This is slightly less than the 
energy of a “ normal ** S — Cl bond {E = 56 k.cal.), agreeing with expecta- 
tion since the extension of S — Cl in SOCL is also slight (observed S — Cl = 
2*07 A., normal S — Cl = 2*03 a.). The bond is also weak by comparison 
with S — Cl in SgCL, for which fgci == 1-99 a., and Ei^qd = 61 k.cal. 

A further group of compounds in which “ long '* bonds have been 
measured are the propargyl halides. Electron diffraction studies by 
Pauling, Gordy, and Saylor show the C— -halogen bonds to be extended 

Ketelaar, Palmer, J.A.C.S., 1937, 59, 2629. 

*8 Pauling, Gordy, Saylor, J.A.C.S., 1942, 64, 1753. 
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above normal by 0*07, 0*04, and 0-03 a. respectively, for tbe C— Cl, C— Br 
and C — I bonds. The authors assume resonance in the propargyl halides 
among the structures (xvi~xviii) : 

H-C=C=CH, H-C=C-CH, 

..X X 

(xvii) (xviii) 

and it seems probable that the extension in the C — X bonds is to be 
attributed mainly to the contribution of the ionic “ no>bond '' structure 
(xviii). 

Similar resonance structures to those suggested in the propargyl 
halides have been postulated by Pauling, Springall, and Palmer in the 
compound methyl acetylene, viz. (xix-xxi) : 

■f — _ ^ 

HgC— (SC— H H CH2=C=C— H H CHa—C^rC— H 

(xix) (xx) (xxi) 

By analogy with the propargyl halides, we might predict that the C — 
bonds in the methyl group of methyl acetylene are longer than normal, 
and also '"weak” bonds. The thermal data is compatible with this 
expectation : from the heat of formation of methyl acetylene (Qf == — 44*3), 
we obtain = {163*9 + 3L) : using the C — C curve in Fig. 2, and the 
known C — C distances, F(oh) methyl is estimated at 86*5, 88* i, and 94-1 
k.cal., for jL = 125, 136 and 170. These are all lower than the corres- 
ponding C — H energies in methane. 

The examples are sufficient to show that the general postulate of a close 
relationsliip between bond-energy and bond-length is followed both in 
the weakest and the strongest ^bonds : this may be taken as good evidence 
for the general applicability of the postulate, A general criticism may 
be raised that is worth attention : namely, that no account has been 
taken of the effect of variation in the bonding orbitals used by a given 
bond in different molecules. In particular, criticism of the C — curve 
given in Fig. r may arise for this reason. 

According to Coulson,^® the wave-function for a C — H bond may be 
written in the form : 

== #3 + ~ 

where are the normalised 2s and 2p atomic wave-functions of the 

carbon atom, and a is a coefficient of “ mixing with the values a = i, 
h VI Vi tetrahedral, trigonal, and diagona!l bonds. 

Pauling has defined the strength of these bonds as = a -h 
so that the relative strengths of tetrahedral, trigonal and diagonal C — 
bonds are expected to be in the I'atio 2 : 1*991 : 1*932. This conclusion 
which implies that the C — bonds decrease in energy passing from CH^ 
to C2H2, is directly opposite to the assumption we have made. 

Tins argument is, however, contradicted in a recent paper by Mulliken, 
Rieke, and Brown. These authors express the opinion that '' hyper- 
conjugation '' occurs between an apparently saturated group such as 
— CHg, and the bond adjacent to it. The — CHg group is regarded as 
comparable with the — ^C^N and — C=CH groups, and may be written in 
the manner — Mulliken labels the single and multiple bonds of 
a conjugated system as “ acceptor ” and “ donor bonds, the effect of 
the conjugation being that the acceptor bonds gain in energy, and the 
donor bonds lose, the net effect for the system is an energy increase cor- 
responding to the resonance energy of hyperconjugation. Comparing 

Pauling, Springall, Palmer, ibid., 1939, 61, 927. 

Coulson, Trans. Faraday Soc,, 1942, 38, 433. 

Mulliken, Rieke, Brown, J.A.C.S., 1941, 63, 41. 


H— C=C— CHo 
\ 

(xvi) 
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ethane and acetylene from Mulliken's viewpoint, we may write -the 
structures as H! — 0=C — H and In acetylene the C — H 

bonds are acceptor " bonds, whereas in ethane they are '' donor bonds, 
which difference in character implies that C — H is stronger in acetylene 
than in ethane. 

Experimental investigation of the C — energies in ethylene, and 
acetylene is needed to settle this point ; in this respect, we may refer to 
two recent publications by Cherton and Fonteyne in which both 
authors claim to establish that the C — energy is, in fact, larger in acety- 
lene than in methane. 

In conclusion, an attempt by Warhurst to estimate theoreticall}, 
the effect of resonance energy on bond-length is of interest, as it represents 
an approach to the problem considered here, by less empirical methods. 
Warhurst considers two types of resonance — single-bond multiple-bond 
resonance, and covalent-ionic resonance. For both these types, he 
concludes that the resonance energy is associated with bond-contraction. 
In case of the single-multiple bond resonance, Warhurst's conclusions 
are compatible, in general terms, with the empirical assumption of an 
energy-length relationship. The covalent-ionic type of resonance is more 
difficult to treat from a theoretical standpoint, and Warhurst 's equations 
are not readily formulated in the manner of a simple energy-length relation. 
It may be that the chief exceptions to the simple rule are most likely to 
he found in bonds of the ionic-covalent type : and the method of approach 
to this problem, used by Warhurst, may reveal more exactly when ex- 
ceptions should occur, if the method can be extended beyond its present 
level. 

Summary; 

The bond-energies of the P — P, As — ^As, S — S, Se — Se and C — C bonds 
have been reconsidered in the light of recent spectroscopic and thermal 
data. Tentative alterations in the values of the O — O, N — N, Si — Si 
and Ge — Ge bond-energies are also proposed. The bond-energies of a 
number of bonds to hydrogen and the halogens are tabulated. 

The assumption of a relationship between the energy and length of 
a bond is examined for C — C, C — O, C — N — O and C — Cl bonds, using 
the thermal and structural data at present available. The energy-length 
curves derived, are found to obey, approximately, an equation Er^ = A, 
where E is the bond -energy, r the bond-length, and n and A are specific 
bond-constants ; n lies between the extreme values 2 *5-5*0, 

It is found that certain bonds which are longer than would normally 
be expected are correspondingly weaker than normal bonds. 

The writer wishes to express his thanks to Professor M. Polanyi for 
helpful discussion and advice during the preparation of this paper. 

Chemistry Department, 

The University of Manchester, 

Manchester 13. 

g Cherton, Bull. Soc. Chim. Belg., 1943, 52, 26 (reported in Chem. Ahst., 
1944, 38 > 5138). 

Fonteyne, Naturwiss, 1943, 31, 441 (reported in Chem. Abst., 1944, 38* 2863). 

Warhurst, Trans. Faraday Soc., 1944, 26. 



THE IMINE RADICAL, NH. 

By K. Stewart. 

Received Sth October, 1940.* 

Of the large number of radicals postulated in reaction mechanisms 
only very few have received experimental verification. With the exception 
of hydroxyl, they are all carbon compounds. 

The diatomic molecule NH has been fairly completely studied spectro- 
scopically. It is recognised as a physically stable molecule ; the six 
electronic states predicted by Mulliken have bfeen verified experimentally. ^ 
However, its chemical stability will be essentially dependent on its en- 
vironment. Lewis ® and Steiner ® postulated the intermediate formation 
of NH in the synthesis of ammonia from active nitrogen and atomic 
hydrogen. Beckman studied the photochemical * and the photosensitised ® 
decompositions of azoimide and assumed that the first stage in the de- 
composition was the formation of NH and Ng : 

N3H -j- ftv = NH + Na 

or, N3H Hg* = NH + N, + Hg. 

Lavin and Bates ® streamed ammonia through an electric discharge and 
obtained an intense green afterglow, but-were unable to detect NH spectro- 
scopically (the NH band system 3370-3360 a. was absent). 

In attempting to verify the existence, and to study the properties, 
of a free radical it has been pointed out that the experimental conditions 
are the all important factor. ’ In general the radical will be most stable 
when diluted with a gas with which it does not react. The diluent serves 
to dissipate the energy liberated by the combination of, or reaction between, 
two radicals. Free radicals may, in general, be produced by three difierent 
methods, by thermal, photochemical, and electronic decompositions. 
It was found that azoimide was decomposed by the active material drawn 
from a glow discharge in nitrogen. As the reactive species in the active 
nitrogen are excited by electronic processes the reaction bears the same 
relation to an electronic decomposition as a photosensitised reaction 
bears to a photochemical one.- The radical imine was identified by its 
reaction with hydrogen to form ammonia, and wuth benzene to form 
aniline and, w-phenylene diamine. 

Experimental. 

Nitrogen. — Owing to the large quantities of N2 required the gas was 
drawn from a cylinder. It was purified in the following manner. The 
small amount of O2 present 1-5 %) was removed by passage over Cu 
gauze in the presence of ammonia. ® The gas was washed with water 
to remove part of the NHg, and then dried and rendered NH^-free by 

* Publication delayed at request of Censor, 

^ Mulliken, Fev. Mod. Physics, 1930, 2, 60 ; 1932, 4, 7. 

^ Lewis, J.A.C.S., 1928, 50, 27 and 2427. 

^ Steiner, Z. Electrocham., 1930, 36* 807. 

^ Beckman and Dickinson, J.A.C.S., 1928, 50, 1870 ; 1930, 52, 124. 

® Myers and Beckman, ibid., I 935 i 57 » 89. 

® Lavin and Bates, Froc. Nat. Acad, 5 ci., 1930, 16, 804. 

’ Pearson, Ann. Reports, i937> 34 » 264. 

® van Brunt, J.A.C.S., 1914, 36, 1448. 

® Kraus and Parker, ibid., 1922, 44, 2429. 
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phosphoric acid and P2O5. Finally the gas was passed through a charcoal 
trap cooled in liquid nitrogen into a 6-5 1. reservoir. During an experi- 
ment the pressure in the reservoir was maintained constant by a slow 
continual inflow of pure nitrogen. 

Hydrogen. — Cylinder Hg, purified by passage through a tube packed 
with platinised asbestos catalyst at 250° C. followed by a U-tube cooled 
in liquid Ng, was used. 

Hydrazoic Acid. — ^This was prepai'ed in small quantities (^i c.c, 
of liquid) and stored in a large globe at a pressure considerably below the 
vapour pressure at room temperature. Initially the method due to 
Gunther, Meyer and Miiller-Skjold was employed. In this, dry sodium 
azide reacts with stearic acid at 70° C., pure hydrazoic acid is slowly 
evolved and may be condensed in liquid air. It was found to be both 
simpler and quicker to add the equivalent amount of i : x H2SO4 slowly 
to a saturated aqueous solution of sodium azide, tn vacuo. The gas was 
distilled through a bath at — 80° C. into one cooled in liquid O2. The 
vapour pressure of hydrazoic acid at — 80° C. is about i mm. This 
fractionation was repeated during the transference of the acid to the 
fractionation system. This system was built on the Stock principle, but 
with taps instead of mercury ventiles. The acid was fractionated through 
a bath at — 78^ C. ; head and tail fractions were rejected. The vapour 
pressures at 0° C. of different samples were always the same, irrespective 
of the method of preparation. This value, 153 mm., was 10-7 mm, lower 
than the value reported by Gunther, Meyer and Miiller-Skjold. The 
vapour pressure was measured over the range —78° --25° C. Below 
0° C. acetone-solid CO2 baths were used, above 0° C. a water bath. The 
temperatures were measured with ISfHa and SO 2 vapour tension ther- 
mometers, and in the higher temperature range with a mercury ther- 
mometer. The plot of logic piam against i /T gave a straight line the equa- 
tion of which was found to be 

logio pmm — S’lqS — 1643 /T. 

The boiling-point, found by extrapolation, was 35*8° C. in good agreement 
with the value 35*7° C. reported by Gunther, Meyer and Miiller-Skjold. 

Both Schumacher and Gunther, Meyer and Miiller-Skjold report 
that azoimide decomposes rapidly in the presence of tap-grease and 
mercury. All their measurements were carried out in an all-glass ap- 
paratus, in which the use of both tap grease and mercury was avoided. 
It was found, however, that the gas could be stored without marked 
decomposition, in a carefully cleaned glass reservoir with a mercury mano- 
meter and an ordinary greased tap, at a pressure considerably below the 
vapour pressure at room temperature. In most cases the pressure was 
about 10 cm. Even with the special precautions taken, they experienced 
considerable difficulty in handling and storing the substance and reported 
fully on its treacherous nature. Their remarks are fully justified, although 
it does seem possible to keep small quantities of gavseous azoimide at low 
pressure without much risk. The solid and liquid materials are con- 
siderably more dangerous. 

Apparatus. — The reaction system is shown schematically in Fig. la. 
The active species from the discharge enter the reaction zone at A ; at B, 
20 cm. further along the tube, the desired gas mixture enters the gas 
stream. The cooled surface, C, situated 2 cm. from B, can be cooled to 
any desired temperature. Provided the temperature is low enough, the 
majority of the product will be condensed on C and the remainder will 
be held by the trap D. Fig. ib is a plan of the apparatus including the 
discharge tube. The quartz windows, w, enabled the discharge and the 
reaction zone to be examined spectroscopically. The dimensions of the 

Gunther, Meyer and MuUer-Skjold, Z. physik, Chem., A, 1935, 175, 154. 

Meyer and Schumacher, ibid,, 1934, 33- 
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major portions of the apparatus are given. The discharge tube electrodes 
v/ere aluminium foil cylinders, 12 cm. long and 3 cm. diameter. An 
alternating current discharge was used. The high tension supply was 
obtained from a 10,000 v. oil-cooled transformer. The pumping system 
consisted of a Leybold three-stage mercury diffusion pump backed by a 
Gaede single-stage oil pump. Streaming rates up to 1500 l./sec. at 
O' 3 mm. were readily obtained with this pumping system. 

Procedure. — In the absence of a method of measuring the concentration 
of any one of the species in active nitrogen the only way in which the 
experiments could be carried out so that the results would be comparable 
amongst themselves was to operate the discharge always under the same 
conditions. The discharge current was maintained constant at 280 ma. 
The discharge tube was air-cooled by means of an electric fan. The nitro- 
gen pressure, measured by the Macleod gauge at E, was 0*22 mm. ; this 



pressure of nitrogen was used in all experiments. The quantity of 
nitrogen drawn through the discharge tube was 25*2 c.c, at N.T.P./min. 
The total quantity of gas drawn through the reaction system was some- 
what greater than tlris. Nitrogen, purified by the method described, 
gave an active but non-luminous material in the reaction zone under these 
experimental conditions. 

Decomposition of Azoimide by Active Nitrogen. 

Azoimide, diluted with an excess of nitrogen (7:1), was allowed to 
enter the active nitrogen stream in the reaction zone via the inlet tube B. 
The surface C was at room temperature. All condensable material was 
retained by the trap D cooled in liquid oxygen : non-condensable pro- 
ducts wei*e lost. The duration of each experiment was 3 hours. At the 
completion of an experiment the condensate in D was distilled via the 
tube E to a separate part of the apparatus, which was designed for 
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fractionation, analysis, etc. The product was examined by fractionation 
and by analysis and found to be azoimide. Tests were made for am- 
monia and for hydrazine ; neither was detected. The amount of unde- 
composed azoimide was determined by measuring its pressure in a standard 
volume at a known temperature. The results for different partial 
pressures of azoimide are given in Table I. These results show that the 
amount of decomposition decreases with decreasing azoimide concentra- 
tion, The results were not sufficiently reproducible for any relationship 
between the azoimide concentration and the extent of the decomposition 
to be found. 


TABLE I. 


Amount of NgH passing through reaction 
zone in 3 hours (g. mol. X 10*)^ . 
Partial pressure of N'gH in reaction zone 
(mm. X lo^) . . . . 

NgH collected unchanged (g. mol. X 10*) . 
Fraction of N3H decomposed 


15*9 

II-O 

ir-o 

5*4 

1*67 

i‘i6 

i-i6 

0*57 

7*6 

7*3 

9*r 

5*1 

0-52 

0-32 

0'i7 

0-05 


Decomposition of Azoimide in the Presence of Hydrogen 


The experimental conditions were the same as for the decomposition 
of azoimide, except that the azoimid e-nitrogen mixture was replaced by 
a mixture of NgPI, H2, 3 -nd or by one of NgH 
and Ha. The reaction product was found to be 
a mixture of N3H and ammonium azide. Hydra- 
zine was not detected. Ammonium azide is 

readily volatile in vacuo so that the condensate 
could be distilled into the analysis apparatus. 
This apparatus is shown in Fig. 2, The two ab- 
sorption bulbs A and B were attached to the 
apparatus by the ground joints a and b and 

connected to the vacuum line via the tap T. 

They were of equal volume, about 50 c.c. Accur- 

ately measured volumes of N./io alkali and acid 
were run into A and B, respectively. The product 
Fig. 2. was first condensed on to the alkali in A using 

liquid oxygen as the condensing agent, The alkali 
was allowed to warm up and the bulk of the water distilled into the other 
bulb B. The distillation was repeated in the reverse direction and then 
the whole operation repeated again. This rather tedious procedure was 
found to be necessary owing to the small quantities of gas and the rela- 
tively large quantities of liquid used in A, The results are summarised 
in Table II. The amount of ammonia formed was always about 20 % 
of the azoimide destroyed. In the product from these experiments no 
trace of hydrazine was found. 



TABLE II, 

Constitution of the azoimide 


hydrogen, nitrogen mixture 

1:5:0 

1:5:0 

1:1:5 

1:1:5 

1:1:5 

Amount of azoimide passing 
into the reaction zone in 

3 hr. (g. mol, X 10^) . 

12*0 

7*1 

12*5 

10*6 

9*2 

Partial pressure of NgH 
(mm. X 10®) 

1-26 

0*75 

1*32 

I'I2 

0*97 

ISlgH collected UELchanged 
(g. mol. X ro*) . 

nil. 

nil. 

S'3 

8-5 

6*0 

Ammonia formed (g. mol. X 10^) 

2-00 

1-50 

0-92 

0-54 

0-62 

Fraction of N3H converted to 

NHg .... 

0-17 

o-i8 

0-21 

0*26 
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The Reaction Between Ammonia and Active Nitrogen. 

Since ammonia is the product in the reaction between azoimide and 
active nitrogen in the presence of hydrogen it was necessary to determine 
whether ammonia itself was aifected by active nitrogen. The experi- 
ments were carried out in an exactly vSimilar manner to those with azoimide. 
It was found .that ammonia was cornpletely unaffected by the active 
material from the discharge. 

Decomposition of Azoimide in the Presence of Ethylene. 

The azoimide-ethylene mixture, diluted with nitrogen 
(N, : C,B., : N3H :: 5 : 2 : I) 

entered the gas stream containing active material from the discharge at 
B. C was at room temperature and D immersed in liquid oxygen. The 
product contained scarcely any ethylene, owing to the high streaming 
rate and the relatively high vapour pressure of ethylene at the tem- 
perature of liquid oxygen. It was thought that the compound ethylene 
imine might have been produced by the direct association of an ethylene 
molecule with an imine radical. An attempt to isolate ethylene imine as 
the picrate from the product failed. However, on warming the product 
with alkali a gas, which reacted alkaline to litmus, was evolved. This 
indicated the formation of a volatile base. It was not found possible to 
identify it. 

Decomposition of Azoimide in the Presence of Benzene, 

The gas mixture was similar to that used in the experiments with 
ethylene. The mixture had the composition NgH : CgHg : Ng :: r : i : 8. 
In these experiments the effect of cooling C to — 78° C. and — i85°C. 
was examined. At these lower temperatures it was found that a blue 
deposit collected on the surface of C. This condensate, which did not 
appear when C was warmer than —78° C., was readily volatile. On 
distillation, however, a change took place and the resulting condensate 
was white. This product was examined qualitatively for aromatic 
amines, more especially for aniline and the phenylene diamines. The 
product was treated as follows. To the condensate, which contained the 
unchanged benzene and azoimide in addition to the base, was added two 
drops of concentrated HCl and the whole allowed to warm up. The 
solution was then boiled to remove both the free benzene and the azoimide, 
the base hydrochloride remaining in solution. In a preliminary experi- 
ment the standard carbylamine test was employed and gave a weak 
positive reaction. The amounts were too small to allow diazotisation 
followed by coupling with a base to form a dyestuff to be characteristic. 
The microchemical test finally adopted was that due to Feigl/^ 'which 
utilises the reaction of sodium aquopentacyanoferrate with primary 
aromatic amines to give characteristic colorations. The reagents are a 
I % aqueous -solution of sodium aquopentacyanoferrate and a 10 % 
sodium hydroxide solution. The solution of sodium aquopentacyano- 
ferrate is most readily prepared by allowing a solution of sodium nitro- 
prusside to age or to irradiate it with ultra-violet light. After the removal 
of free azoimide and benzene by boiling the solution for a few minutes, 
it was transferred to a test-tube and diluted, if necessary, to 3 ml. To 
this solution was added two drops of the sodium aquopentacyanoferrate 
reagent (0-25 ml.) and 0-5 ml. of 10 % NaOH solution. On standing for 
several minutes, usually 5-15, a green colour developed. The three amines 
which give green or blue colorations are summarised below, together with 
the limiting concentrations at which the test is sensitive. The product 

Feigl and Chargaff, Z. anal. Cliem., 1928, 74, 376. 
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Amine .... Aniline ;/3-Phenylene diamine Benzidine 

Colour .... Green Blue Blue-green 

Sensitivity limit . - 0*57 ly . 

gave a green coloration with bluish tinge, very different from that due 
to benzidine, but which could be reproduced by the addition of a trace 
of ^-phenylene diamine to aniline. The reaction product was therefore 
aniline containing a little ^-phenylene diamine. Neither the o- nor the 
m-phenylene diamine gave a coloration similar to the one observed. 
The colorations observed were compared in a semi-quantitative manner 

with those given by 
known aniline solutions. 
The comparisons cannot 
be made quantitative as 
a little ;/>-phenylene dia- 
mine is present. The 
results are summarised 
in Table HI. It is note- 
worthy that the amount 
of product is of the same 
order as that of ammonia 
formed in the reaction 
between azoimide-hy- 
drogen mixtures and 
active nitrogen. The 
amount of aniline formed increases considerably when the temperature 
of the surface C is lowered from —78® C. to — 185° C. 

Discussion. 

A free radical may be identified, either spectroscopically as in the case 
of hydroxyl,^® or by examination of the products of a chemical reaction 
in wliich it takes part, as in the case of the alkyl radicals. Spectroscopically 
the imine radical has been extensively studied and the band systems 
associated with it are well known. Unfortunately, the radical con- 
centration was too small to allow it to be detected either in absorption 
or emission. Experiments similar to those carried out by Steiner on 
active nitrogen, in which an auxiliary discharge was employed in an 
attempt to excite the emission spectra of NH, failed. 

The reactions employed in the detection of alkyl radicals are of the 
simple addition type. As imine is a bivalent radical the choice of re- 
actants is both limited and difficult. Several metal imines have been 
reported : they are non-volatile compounds but little suitable as a means 
of identification. Organic imines are well known, but an attempt to 
isolate the simplest of these, ethylene imine, was inconclusive. Finally, 
two reactions from which the products would be readily identified, namely, 
the reactions between imine and hydrogen and imine and benzene were 
chosen as the means to proving the existence of the imine radical. 

There is considerable evidence that the initial step in the breakdown 
of azoimide takes place according to the equation 

N3H ^ NH + N3 (1) 

This initial step has been proposed by Beckman ® and his collaborators 
to explain the photochemical and the photosensitised decompositions of 
azoimide. Schumacher arrived at the same conclusion as the result of 
experiments on the non-explosive thermal decomposition. If it is as 7 
sumed that the NH bond strength is equal to 83 k.cal, (a third of the 
heat of formation of the three NH bonds in ammonia), then, since the heat 

Frost and Oldenburg, /. Chem, Physics, 1936, 4, 642. 
i^Bay and Steiner, Z. physik. Chem., B, 1929, 3, 149. 


TABLE III. 



Expt . 

Aiiilme Formed, 
gm. mole X 10 ^. 

Surface cooled by liquid 



oxygen . 

I 

I-O 


2 

0*7 


3 

0*3 

Surface cooled by solid 



carbon dioxide 

4 

nil. 


5 

0*3 
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of formation of azoimide from its elements is —71 k.cal., reaction (i) is 
exothermic to the extent of 18 k.cal. Beckman and Dickinson showed 
that the light absorption of azoimide sets in at about 2200 a. and attains 
a maximum at 1990 -A-. The limit at 2200 a. corresponds to an energy 
absorption of 129 k.cal. The combination of this energy with that avail- 
able from the reaction itself provides sufficient energy for the reaction to 
take place with the production of a normal NH radical and an 

excited Ng molecule according to the equation 

N3H 129 k.cal. + Na -{- 4 k.cal. . (2) 

The small energy balance will probably appear as vibrational energy in 
the two molecules formed. It is unlikely that the alternative reaction 

N3H ^ N + H -j- Ks 

occurs consecutively with (2), as a mixture of nitrogen atoms and mole- 
cules would be expected to give rise to a nitrogen afterglow effect ; 
such an effect has not been reported. At the absorption maximum there 
is just about sufficient energy available for the reaction to take place with 
the production of an excited N2 molecule in the state. Alternatively, 
the A^SpA' state could be, excited to the seventh vibrational level. The 
transition from the state to the state gives rise to the nitrogen 

first positive band system. Unfortunately experimental evidence about 
this point is lacking. However, Glen examined the chemiluminescence 
produced when a mixture of chlorazide and azoimide were passed through 
a heated tube. He observed a complicated band system which he was 
unable to characterise completely. The bands due to the NH transition 
A^S at 3360 A. and at 3370 a. were recognised. The remainder 
of the spectrum could not be analysed as the dispersion was insufficient to 
allow measurement of the bands. It seems possible that the first positive 
band system of nitrogen would be observed in this chemiluminescence. 

When azoimide alone was decomposed by active nitrogen the reaction 
products were nitrogen and hydrogen. There was no indication that any 
polymer of NH was formed or that any of the hydrogen liberated reacted 
to form ammonia. The latter was due to the fact that the time available 
for reaction was never greater than o-i sec. ; with the small concentration 
of hydrogen produced the reaction between NH and Hg could not take 
place to any appreciable extent. In the presence of hydrogen a consider- 
able fraction of the azoimide decomposed reappeared as ammonia. In 
this 6ase the hydrogen concentration was great enough to allow the reaction 

NH + Hg NH3 • • . . (3) 

to occur. This reaction is exothermic to the extent of 62 k.cal. It 
involves the rupture of an H — bond and the formation of two N — H 
bonds, and will probably require a considerable energy of activation. 
At the low pressures employed the reactiou must take place bimolecularly, 
on the walls of the reaction vessel, or on the cold surface of the condensing 
trap. If the instantaneous concentration of imine radicals is assumed 
to be equal to the number of azoimide molecules decomposed during the 
period the gas stream takes to cross the reaction zone, then it is possible 
to calculate a minimum value for the activation energy of reaction (3) 
provided that it is assumed to be homogeneous and bimolecular, and to 
show that a termolecular reaction is not possible. Under the experi- 
mental conditions io~^ mm.) each imine radical makes 10® col- 

lisions with Hg molecules in o-i sec. and this number of collisions is sufficient 
for the fraction 0*2 of the radicals produced to react to give ammonia. 
The number of collisions necessary for reaction is therefore 5 x 10®, 
which corresponds to an energy of activation of 5 k.cal The number 

Cario, Z. Fhysik, 1934, 99, 523. 

Gleu, Z, Physik, 1926, 38, 176. 
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of termolecTilar collisions would be c. io“-® smaller, i.e. insujffiicient for the 
reaction NH -j- Ha + M to take place. 

The reaction between benzene and the imine radical occurs in two 
stages. The first stage, which takes place only on a surface cooled below 
— 8o° C., leads to the formation of a blue addition compound. This 
product, the composition of winch is unknown, is stable only at tem- 
peratures below — 8o° C. On being allowed to warm up the blue colour 
faded and a white volatile product containing aniline with excess benzene 
and azoimide was obtained on recondensation. The decomposition of 
the blue compound may lead to either aniline or aniline azide. There is 
no way of determining readily which of these is formed. Further, the 
amount of aniline detected may not be equal to the amount of blue com- 
pound formed, as it is uncertain that the blue material decomposes entirely 
into aniline. 

The first step in the reaction may be the addition of the NH radical 
to the benzene molecule in a manner similar to the addition reaction 
postulated by Harteck and Geib to account for the reaction between 
atomic hydrogen and molecular oxygen at low temperatures with the 
subsequent formation of hydrogen peroxide. "When the temperature is 
allowed to rise a molecular rearrangement takes place with the formation 
of aniline. This reaction involves the rupture of a C — H' bond and the 
subsequent formation of an N — bond ; this process is exothermic to 
the extent of 25 k.cal. 

The experiments described suggest that the NH radical, already well 
known spectroscopically, is sufficiently stable to act as an intermediate 
in chemical processes, and may be classed as a free radical along with the 
alkyl radicals and hydroxyl. 

Summary. 

1. It has been found that azoimide is decomposed by non -luminous 
active nitrogen. 

2. The decomposition leads to the formation of the radical NH which 
was identified by its reaction with hydrogen to form ammonia and with 
benzene to form aniline. 

3. The results are discussed. 

The author wishes to thank the University of London, the Royal 
Society, and Messrs. Imperial Chemical Industries Ltd., for grants. 

Harteck and Geib, Bev., 1932, 65, 1551. 


ON THE NUMERICAL CONSEQUENCES OF 
CERTAIN HYPOTHESES OF PROTEIN 
STRUCTURE. 

By a. G. Ogston. 

Received Sth January ^ 1945. 

In a former paper, ^ the numerical consequences of the hypothesis of 
Bergmann and Niemann,^ that amino acids recur at regular intervals in 
the polypeptide chains of proteins, was investigated. It was found that 
analytical intervals * and ratios of the form are not a necessary 

consequence of this type of arrangement. 

^ Ogston, Trans. Faraday Soc., 1943, 39, 15 1, 

2 Bergmann and Niemann, J. Biol. Chem., 1937, * 3^1 > i^id., 1938, 122, 577, 

The " analytical interval of an amino acid is the reciprocal of the ratio 
of the number of residues of this acid to the total number of residues in an 
analytical unit of the protein. In the case of linear regularity, it is equal to 
the linear interval of recurrence. 
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Other types of regularity have been postulated in hypotheses of protein 
structure. In this paper, the consequences of three of these are examined, 
with particular reference to the analytical intervals that would be con- 
sistent with them. Hypotheses differ in their explicitness and therefore 
in the degree of latitude of their dependence on the occurrence of certain 
analytical intervals and ratios. It must be remembered that the occur- 
rence of analytical intervals of the form 2 ”‘3" is by no means a confirmed 
or universal rule ; ® and that, even if a hypothesis is consistent with 
observed ratios, this is in general not a sufdcient proof of its correctness. 

Astbury’s Hypothesis.^ 

This suggests that soluble proteins have a laminated structure, each 
lamina consisting of parallel pol5q)eptide chains ; and that the chains 
are folded in a particular way, similar to that suggested by Astbury for 
fibrous proteins in the a-configuration. 

The model does not prescribe any regularity of recurrence of individual 
amino acids, though Astbury ® takes the view that there may be some 
degree of regularity within the chain in relation to the recurrence of the 
pattern of the fold every 6 residues. There might also be a regularity of 
recurrence of chains in a lamina and of laminae as a whole. In fact, the 
model could be regarded as a three-dimensional grid in which each amino 
acid recurs at independent intervals in the three directions, in analogy 
with the linear recurrence of the Bergmann and Niemann hypothesis. 
It is of interest to examine the analytical consequences of this type of 
structure, 

A protein may be represented by a rectangular three-dimensional 
structure whose planes are numbered in the three axes from a convenient 
point of origin. As in the linear case, the conditions of incongruence 
and of complete filling must be satisfied. The argument follows closely 
on that of the linear case. 

An amino acid i occurs at Xi, yi, Zi and recurs at intervals fi, rji, 
in the three directions. The general condition for incongruence between 
any two amino acids is that, of the equations 

H = ^2 + ^^2 • • . . (i) 

yi -h 07 ]^ = y^ + pV2 . • . . (2) 

-h + rC, .... ( 3 ) 

at least one cannot be satisfied (m, n, 0, p, q, f are any integers). If 
Xi then equation (i) can always be satisfied, and similarly for (2) 
and (3) ; all three pairs of initial co-ordinates cannot be equal. If two 
of the pairs of initial co-ordinates are equal, then the third equation must 
not be satisfied. 

This means that all amino acids which occur in a given row defined by 
two co-ordinates must have co-imprime intervals in the third direction ; 
all amino acids occurring in a plane defined by one co-ordinate must have 
co-imprime intervals in at least one of the directions of the plane. These 
intervals obey all the laws of the linear case. 

There are further limitations. Suppose that two amino acids occur 
in the row a ;, i , i , in the plane x, y,i ; considering only recurrences in this 
plane, if the values of are co-prime, then the values of | must be co- 
imprime. A third amino acid which does not occur in the row a?, I 
must be co-imprime to each of the others with respect to either i or tj ; 
if the former, then ^3 need contain only the factor which is already common 
to and ^2 ; but if the latter, then ijg must contain both and -72 as factors. 
If this instance is multiplied, it appears that a structure which is easy to 

® Chibnall, Proc. Roy. Soc., B, 1942, 13 1, 136. 

^ Astbury, Chem. Ind., 1941, 60, 491. 

s Astbury, Advances in Enzymology, 1943, 3 » 63. 

24 * 
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satisfy is obtained only if the f values of all the amino acids in the plane 

y, 1 are codraprime ; all the row-values of 17 may then be co-prime ; 
otherwise, an amino acid which is co-prime to the rest with respect to I 
must contain all the other co-prime values of tj as factors of its 'q, 

Extension of the argument to the z direction is now easily performed by 
considering planes a;' and y' and applying the same argument. All amino 
acids occurring in y" have co-imprime values of since this includes amino 
acids which occur in the row y', 1 ; but since all values of J in the plane 
AT, y , I are co-imprime, it follows that all values of J throughout the structure 
are co-imprime. Similarly, ail amino acids that occur in the plane a;' 
have co-imprime values of ; but the values of 1? between such planes 
are in general co-prime. Finally, all amino acids occurring in a row 

y' have co-imprime values of but the values of { between such rows 
may be in general co -prime. 

The three axes of such a structure are thus distinguished from each 
other and it is tempting to identify them with the three distinct directions 
of the Astbury grid. The .sr axis is to be identified with the direction of 
the folded chain ; each chain may have a basic ? iirterval independent 
of the rest, provided only that the whole length of the unit is the low'-est 
common multiple of intervals in all the chains. The y axis corresponds 
with the direction at right angles to this within the laminm, the intervals 
being co-imprime within each lamina, but independent of those in other 
laminae ; these intervals represept the repetition of whole chains witliin , 
the lamina. The x axis is at right angles to the lamince, the I intervals 
representing the repetition of whole laminae. 

The smallest unit of the structure is given by the product of smallest 
repeat lengths in the three axes ; the smallest number of amino acids 
required is derived from the factors of the size of the smallest unit exactly 
as in the linear case. The anal3d:ical interval of an amino acid is the pro- 
duct of its intervals in the three axes ; the occurrence of co -prime 
analytical intervals is forbidden. 

As in the linear case, there is nothing to limit the primes that may 
occur as factors of intervals. Other considerations may, however, intro- 
duce limitations in particular cases : — 

(1) It is reasonable to suppose, as Astbury ® has suggested, that the 
repetition of the backbone fold each 6 residues will limit the recurrence of 
amino acids in such a way that they occur at corresponding situations 
relative to the fold. This condition is satisfied by intervals of 2, 3, 6 or 
higher multiples of these ; 2 and 3 must occur as factors but there is no 
limitation of the primes that may enter into higher multiples. 

(2) The dimensions of the molecule of a protein limit the repeat lengths ; 
taking Astbury’s ® values of 10-3 a. for the length of the fold (6 residues), 
9*3 A. for the backbone spacing and 9*8 a. for the sidechain spacing in 
a-keratin (these distances representing the contribution of a single chain 
to the dimensions of the molecule in the direction considered), a molecule 
of about 40 A. in each direction would have repeat lengths of 24 (41 -2 a.), 
4 (37*2 A.) and 4 (39*2 A.) in the z, y and x axes respectively. None of the 
intervals in a molecule of these dimensions can contain a prime greater 
than 3 ; for, if 5 is admitted as a factor, the smallest repeat lengths in 
the three axes are 30, 5 and 5, in each case 25 per cent, too great. 

It would thus be expected that a unit of less than 400 residues, having 
this type of regularity and of approximately cubic shape would not exhibit 
primes greater than 3 . 

The treatment outlined could be extended to cover simple regularities 
other than rectangular ; for example, a 2-dimensional hexagonal pattern 
is described with 2 axes at 60° and unoccupied places represented by the 
series 


I, I 

with I = -}] = 3 in each case. 


3 . 3 


2, 2 
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Janssen’s Hypothesis.® 

This hypothesis is unsupported by other than analytical evidence and 
is of little interest except for the fact that, while predicting analytical 
intervals of the Bergmann and Niemann form, it does permit the co- 
existence in the structure of amino acids having co-prime analytical 
intervals. 

It describes the molecule as a ribbon of 3® parallel chains, each of 
length 2^ X 2« residues ; 8 of these (A chains) are identical while the 
ninth (B chain) is different ; in each chain amino acids occur with linear 
regularity. An amino acid may occur in either or both of the A and B 
chains ; if in both, it has the same interval in each. 

The following integral analytical intervals can therefore occur : 

Amino acid in A chains only : 3“ . 2”“^ . . ., 3^ . 2, 3® 

Amino acid in B chains only : 3^ • 2«, . . 32 . 2, 3® 

Amino acid in both chains : 2”, . , 2®, 2, i. 

If the interval of occurrence in the chain of an amino acid occurring 

A chains only is less than 2®, the analytical interval is not integi'al. 

Wrinch’s Hypothesis.’ 

The chemical, steric and crystallographic evidence for or against tliis 
hypothesis need not be discussed here ; it is of interest in the present 
context because, although it does not postulate any regularity of occurrence 
of particular amino acids, it is definitive -with respect to the number of 
residues in a structural unit and their arrangement in space. The cyciol 
link is not essential to the structure, serving only (in thought) to lock it 
into shape ; the amino acids can have the positions postulated and be 
linked in open or closed peptide chains in a variety of ways without its 
help. 

It has been claimed » that this model will account for the Bergmann 
and Niemann ratios, though the question does not seem to have been 
considered closely. At the outset it is clear that, since the number of 
residues is 72 x n'^, for values of w' less than 5, any integral analytical 
interval must be of the form 2 ”^3’*. We shall deal here only with the case 
n' — I. 

Two types of regularity can occur : regularity relative to the geometry 
of the model and linear regularity within the chains that compose it. 

( 1 ) Geometrical Regularity. — ^The model permits a given amino acid 
to occur with 2-, 3-, 4- or 6-fold symmetry with respect to the 4 triangular 
or 4 hexagonal faces or to the 6 " slots of the model. In addition to 
this, its symmetry of occurrence in a face or relative to a slot ” may 
be taken into consideration. Thus, if the highest symmetry of occurrence 
in a face or round a “ slot is demanded, that is 3, 6 or 9 residues in a face 
or 2 or 4 residues round a slot,'' the following numbers of residues can 
occur in the model 

3, 6 or 9 times i, 2, 3 or 4 
and 2 or 4 times 2 or 6. 

All these numbers give integral analytical intervals. But if lower sym- 
metry in a face or round a slot " is allowed, there may be i, 2, 4, 5, etc., 
residues in a face or i or 3 round a " slot " as well as the numbers given 
above ; some of these numbers do not lead to integral analytical intervals. 

( 2 ) Linear Regularity, — Considering only the case of closed chains, 
two questions arise : first, what closed chains are possible ; secondly, 
how far linear regularity in them is consistent with the Bergmann and 
Niemann ratios and with geometrical regularity. 

® Janssen, Protoplasma, 1939, 33 > 4io- 
’ Wrinch, Proc, Roy, Soc., A, 1937, 505 * 

® Wrinch, ibid., B, 1939, 127, 24. 
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(a) The numbers and sizes of closed chains are limited. The smallest 
closed chain is a (2) -chain (diketopiperazine) ; the model can consist of 
36 of these. Larger chains may be considered to be derived from these 
by running them together in threes (Fig. i) ; this is the only way in 



which closed chains may be generated. It follows that at each trans- 
formation the number of closed chains is changed by ±2, thence that 
the whole model can consist only of an even number of closed chains. 
Likewise, the number of residues in a chain must be even and of the form 
2{2W 4* i)- 

The 36 (2)-chains are convertible into 12 (6)-chains cyclol-6 ’') 
and these in turn into any multiple of the (6) -chain up to ii ((66) -chain) ; 
a number of other combinations of the (2) -chain are possible but the com-, 
binations containing 26, 38, 46, 50, 58, 62 and 70 residues cannot occur 
in the n' = x model ; this is due to the arrangement of the (2) -chains 
in sets of 4 round each of the 6 “ slots.’* Any combination which demands 
an uncombined (2) -chain may also be excluded from consideration on the 
grounds of the non-occurrence of the diketopiperazine chain as such in 
proteins ; the possible arrangements, excluding those involving (2) -chains, 
are given in Table I, 

TABLE I. 


Total 
Number 
of Chains. 


12 


10 

S 


4 


6 


12 

9 

7 

6 

4 

5 
4 
4 
3 
3 
2 
2 
I 
I 


10 14 


X 

2 2 

I 

r . I 

I I 


2 I 


Size of Closed Chain. 

1 8 22 30 34 42 54 66 


I 


I 


I 


I 


4 


I 


I 


r 

I 

I 

1 

I 

2 

I 

I 


I I 


I 


1 
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{&) Linear regularity is possible within any of these chains, but only 
in the cases of the (6)-, (iS)- and (54)-chains are linear intervals of the 
form consistent with integral analytical intervals ; in all other 

cases the linear intervals 
must contain higher primes 
in order to be consistent 
with integral analytical in- 
tervals : conversely, analyti- 
cal intervals of the form 
2 *”3” do not necessitate 
linear intervals of this form. 

There are 6 kinds of places 
in the = i model relative 
to its geometry, 3 on each 
hexagonal and 3 on each tri- 
angular face (Fig. 2). The 
occurrence of each kind of 
place in a closed chain is 
regular only in the cases of 
the (2)- and (6) -chains where 
the intervals of recurrence 
are 2 and 6 respectively . In 
all larger chains the recur- 
rence is only semi-regular, 
in the sense that, although 
only certain intervals of re- 
currence are found, these 
succeed one another in a 
way which is not simply 
related to the type of linear 
recurrence that has so far 
been considered. Examples 
are given in Table II. 

There is one special case of very high symmetry. In this there are 
14 rings : a (6)-chain centrally placed on each hexagonal face, occupying 
a and h places only ; a similar (6) -chain on each triangular face occupying 


TABLE II, 




Intervals of Recurrence. 

Place. 




(14) -chain. 

(42)-chain. 

(66) -chain. 

1 

a 

2, 12 

8, 2, 8, 2,' 2, 8, 12 

12, 8, 2, 8, 2, 2, 8, 2, 2, 8, 12 

b 

2, 12 

8, 2, S, 2, 2, S, 12 1 

12, 8, 2, 8, 2, 2, 8, 2, 2, 8 , 12 

c 

6, 8 

2, 8, 2, 10, 8, 2, 10 1 

2, 10, 2, 8, 2, 10, 2, 10, 8, 2, 10 

d 

4, 2, S 

2, S, 2, 10, 8, 2, 10 

2, 10, 2, 8 , 2, 10, 2, ro, 8 , 2, 10 

e 

2, 4, 8 

10, 10, 2, 8, 2, 2, 8 1 

2, 2, 8, 10, 12, 10, 2, 8, 2, 2, 8 

f 

6, 8 

10, 10, 2, 8, 2, 2, 8 1 

1 

2, 2, 8, 10, 12, 10, 2, 8, 2, 2, S 


only e and / places ; and a (4) -chain around each slot formed of c 
and d places. In this case also simple linear regularity within the chains 
is consistent with geometrical regularity. In Fig, 3 this structure is 
illustrated, showing two (6) -chains and half of a (4) -chain. 

Conclusions. 

The only positive conclusion arising from this wwk is that of the 
possibility of a three-dimensionally regular pattern in the Astbury model 
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consistent with analytical intervals of the form For the rest, it 

is shown what types of intervals may be expected. Analytical evidence 
cannot in itself be conclusive ; on the one hand, in the Wrinch model, 
analytical intervals of a given type do not necessarily imply either the 
same type of interval in its component chains or geometrical regularity ; 
on the other hand, it is quite possible, as Chibnall and Astbnry « have 
suggested, that the separate component units of a protein molecule may 
have linear regularities which do not combine to give simple analytical 
ratios in the whole molecule. 

Balliol Collegey 
Oxford. 


THE MAGNETIC SUSCEPTIBILITY OF POSITION 
ISOMERS IN THE DISUBSTITUTED BEN- 
ZENE SERIES. 


By C. M. French. 

Received i 6 th January, 1945. 

A study of the magnetic susceptibility of various groups of isomeric 
disubstituted benzene derivatives led Bhatnagar ^ to the conclusion that 
" in the case of aromatic isomerides the value of xm ortho- is maximum, 
and the values for meta- and ^am-isomerides, like their other physical 
properties, are near together.'" The compounds on which these conclusions 
were based were, however, relatively few in number, and with one ex- 
ception (the nitro- group in the two nitrotoluenes measured) the substituent 
groups were all o-p directing, i.e. their tendency is to repel electrons to 
the benzene ring. Cabrera and Fahlenbrach ^ later observed that whereas 
values obtained by them for 0- and w-cresol agreed with those given by 
Bhatnagar, there was a marked diifference in the values obtained by the 
diferent investigators, for the nitrotoluenes. Thus Bhatnagar found the 
susceptibility of o-nitrotoluene greater than that of the m-compound, 
but measurements by Cabrera and Fahlenbrach indicated that of the three 
isomers of nitrotoluene, the m-compound shows the largest, and the p- 
compound the smallest susceptibility. 

The results of an investigation by Kido ® of the magnetic susceptibility 
of 25 disubstituted benzene derivatives, showed that in many cases the 
conclusions of Bhatnagar were supported. In the case of the nitrobenzoic 
acids however, the m-compound had a larger diamagnetic susceptibility 
value than the o-compound, and in the case of the xylenes the 7w-compound 
showed the largest susceptibility of the three isomers. A comparison of 
the experimental results was made with values calculated by the additive 
law of ionic susceptibilities, and where ” the sign, either of positive or 
negative polarity, of the substituent group is based on an electronic inter- 
pretation of Brown and Gibson's rule of substitution," the calculated 
and observed susceptibilities are closest together. In view, therefore, 
both of the relative paucity and conflicting nature of the data, and the 
unsuccessful attempts noted recently by Angus,* to correlate the differ- 
. ences in the susceptibility of the isomers with other physical data, it was 
decided to redetermine the susceptibility of certain compounds, and to 

* Bhatnagar, Mathur and Mai, Phil. Mag,, 1930, 10, loi. Bhatnagar and 
Mathur, ibid., 1931, ii, 914. 

^ Cabrera and Fahlenbrach, Z. Physik, 1934, ® 9 » ^^2. 

® Kido, Soi. Rep. Tohohu Imp. Univ., 1936, 34, 701. 

* Angus, Ann, Reps. Chem. Soc., 1941, 38, 32. 
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extend the range of compounds investigated, examining in the first instance, 
only compounds containing purely o-p, or purely m-directing groups. 
Accordingly measurements were made of the magnetic susceptibility of 
a series of disubstituted benzene derivatives in which the substituent 
groups showed a definite gradation in electron repelling powers, from the 
strongly o-p orienting hydroxyl group, to the electron attracting and con- 
sequently m-orienting carboxyl group. 


Experimental. 

The compounds examined were first of all purified very carefully by 
repeated recrystallisation, redistillation in all-glass apparatus, or by 
freezing, until a high degree of purity was attained as evidenced by refer- 
ence to such accepted standards as melting-point, boiling-point, refractive 
index and density. The refractive indices were determined at 20® C. 
by means of an Abb6 refractometer. Finally, before measurements of 
susceptibility were made, all compounds were tested for the presence of 
iron, and shown to be free from this impurity. 

The Gouy balance and method described previously ® was used for 
the measurement of the magnetic susceptibility of the solid compounds. 
In the case of the liquids, however, the modification recently described ® 
was employed. 

A D.C. current of 220 volts and 3*0 amperes was used, and this, with 
a pole gap of 1*25 cm., gave a field of 5300 gauss. 

The susceptibility tubes were compactly filled to a length of 7 cm. 


Method of Calculation* 

The susceptibility of the solids was calculated by the equation — 




-h 10® KairV 


where xa is the susceptibility of the substance under investigation, F is 
the thrust on the specimen in mg., V the volume of the specimen in c.c., 

and a the balance constant = — ^ — - - where H is the field 

H2 x. 1000 

strength. ' 

For liquids, however, the modified formula ® was used ; — ; 




( 




o-0294\ 0-0294 


where the subscript " B refers to the standard liquid, in this case benzene 
(Xb = — 0-702 -f 10”®), and and d-^ are the densities of the liquid under 
investigation and benzene respectively. 


Results. 

The results for the magnetic susceptibility measurements of the com- 
pounds investigated are given in Table I. Column 4 gives the specific sus- 
ceptibility, while column 5 gives the molar mass susceptibility. All the 
magnetic susceptibility results are a mean of six closely agreeing values. 
The probable error in the experimental values for the specific susceptibility 
of the liquids is 0-0010, and of the solids 0-0030. 

The literature values for the melting-points and boiling-points shown 
in Table I are those given in Weissberger and Proskauer's Organic Solvents, 
The densities of 0- and m-dimethoxyhenzene were found experimentally 

® Trew and Watkins, Faraday Soc., i 933 ^ 1310. 

® French and Trew [in the Press). 
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to be 1*086 and 1*0705 respectively (values given in Weissberger and Pros- 
kaner^s Organic Solvents are 1*086 and 1*0705). The densities of 0- and 
w-dichlor benzene were found to be 1*304 and 1*288 respectively (corre- 
sponding literature values are 1*3048, International Critical Tables ; and 
1*2881, Heilbron's Dictionary of Organic Compounds). 

The refractive indices of 0- and wz-dimethoxybenzene were found 
experimentally to be 1*534 3-nd 1*525 respectively (no previously recorded 
values available) ; and the refractive indices of 0- and w-dichlorbenzene 
were found to be 1*5501 and 1*5467 respectively (corresponding values 
given in the International Critical Tables are 1*549 and 1*546). 

Table II, column 2, gives the molar susceptibility values for the mono- 
substituted derivatives corresponding to the disubstituted compounds 
shown in Table I. In the two cases where the two substituents are 
different— the nitrobenzaldehydes and the nitrobenzoic acids— a value 
for the monosubstituted derivative cannot exist. 


TABLE IL 


I 

Substance. 

2 

Molar 

Suscept. 

— XjT X 10®. 

3 

Author. 

4 

Angus Theor. 
Value for 

*-~ X 10 ®, 

5 

Difference befcvreen 
Exptl, and Theor. 
Values. 

Phenol . 

6o*g 

Pascal 

66*38 



6o*6- 

Kido ® 


5-78 

Anisole . 

72-64 

Pascal 

76*44 

3*80 


74-05 

Bhatnagar 


2-39 

Aniline . 

63-56 

Kido ® 

70*42 

6*86 


63-84 

Bhatnagar 


6*58 


64*40 

Oxley 


6*02 


65-14 

Azim 


5*38 

Chlorobenzene 

68*85 

Kido ® 

75*73 

6-88 


69*5 

Rao 


6*23 


71*0 

French ® 1 


4*73 


71-9 

Mathur | 


3*83 


72*45 

Bhatnagar 


3*28 


74*70 

Oxley 


1*03 

Benzoic acid . 

67*9 

Gray 


12*01 


70*2 

Kido 3 

80*09 

9*89 

Nitrobenzene , 

61*0 

Azim 

77*72 

16*72 


61*40 

Oxley 


16*32 


61-43 

Rao 


16*29 


61-53 

Bhatnagar 


16*19 


6i-53 

Kido® 


16*19 


61-94 

Seely 


15*78 


62*14 

Rao 


15*58 


62*63 

Cabrera ® 


15*09 


62*63 

Cabrera 


15*09 


62*76 

Rao 


14*98 


r Bhatnagar, Nevgi and Khanna, Z. Physik, 1934, ^9, 506. 
Oxley, Phil. Trans., 1914, -214, 109. 

Azim, Bhatnagar and Mathur, Phil. Mag., 1933, 580. 

"" Rao and Sivaramakrishnan, Ind. J. Physics, 1931, 6, 509. 
Mathur, ibid., 1934, 8,' 207. 

Rao and Varadachari, Proc. Ind. Acad, Sci, A, 1934, 77 - 

Rao, Ind, J. Physics, 1934, 8, 483. 

Cabrera and Fahlenbrach, Anal. Fis, Quim., 1934, 3 ^» 543 * 
Seely, Physic. Pev., 1936, 49, 812. 
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at all positions in the ring, but a maximum increase in the o-position, it 
is to be expected that the compound with the two electron repelling sub- 
stituents in the o-position to each other will have the maximum dia- 
magnetic susceptibility, since on the Langevin treatment,”’- a decrease in 
elective positive charge will result in an increase in diamagnetism. It is, 
however, to be remarked, that on this basis the increase in negative 
charge on the ;/>-position is, although slightly less than that on the o-position„ 
considerably greater than that on the m-position, and accordingly it might 
be expected that the ;25>”Conipound would have an appreciably greater 
diamagnetic susceptibility than the m-compound, and only slightly less 
than that of the o-compound. An examination of the results of the 
present investigation indicate, however, the reverse effect, the /j-isomer 
having in each case a Tower susceptibility than the w-compouncl. This 
observation is supported by a great number of the susceptibility deter- 
minations of Kido 3 and of Cabrera and Fahlenbrach,^ but there appear 
to be certain exceptions to it in the data presented' by Cabrera and 
Fahlenbrach, and by Bhatnagar.^ 

Similarly, in the case of a group that attracts electrons from the benzene 
ring, there is a decrease in electron density at all positions in the ring, but 

a maximum decrease 


TABLE III. 



Difference in 

— X31 >: 106. 

Substance. 

0- — ni-. 

0 - — 

Dihydroxybenzene . 

+ 1-50 

-|- 2*29 

Bimethoxybenzene . 

4- 0*21 

-h 1*68 

Phenylenediamine . 

4 - 1*45 I 

-h 1*70 

Dichlorbenzene 

4- 1-07 

+ 1*33 

Dinitrobenzene 

— 4*64 

- 2‘4I 

Benzene Dicarboxylic 
acid 

- 1*03 

-f 0‘IO 

Nitrobenzoic acid . 

-4*11 

— 270 

Nitrobenzaldehyde . 

— 0-32 

4 - 2-34 


lowest susceptibility, but that the values for 
be close together, a regularity which again 
the present work. It may be, however, that 


in the ^z-position. It 

is to be expected, 

06. therefore, that com- 

— pounds with two 

p.^ electron-attracting 

substituents in posi- 
ng tions meta to each 

58 other, will have the 

.70 maximum diamag- 

•33 netic susceptibility, 

‘41 as appears to be the 

case. Furthermore, it 
might be expected 
from similar consider- 
ations, that the o-com- 
pound would have the 
the 0- and ^-compounds would 
seems not to be confirmed by 
these polarisation effects of the 


substituent groups are sometimes sufiicieiitly weakened on relaying through 
the benzene ring to the ^-position to be masked by other possible disturb- 
ing influences, such as the effect of the substituent groups on each other. 

It may be remarked that with the exception of the hydroxybenzenes, 
the graphs for the susceptibility of compounds with o-p directing groups 
show values for all three isomers which are lower than might be expected 
from the additivity rule, while the graph for m- and ^{j-dinitrobenzene shows 
values higher than would be expected. This would indicate that effects 
other than those due to pure electron repulsion or attraction are involved, 
since the latter would result in curves with a divergence in the opposite 
direction. Such observed divergences are, however, small, and obviously 
depend on the correctness of the values adopted for both the mono- and 
disubstituted compounds. It is apparent, therefore, that as observed 
by Sugden in a general statement, a® further measurements of the 


susceptibility of a number of organic compounds by different methods are 
desirable. 


A correlation has been attempted by Bhatnagar ^ between the size 
of the substituent groups, and the difference in susceptibility between the 
o- and ^-compounds, and the 0- and. w-compounds. An examination of 


Langevin, Ann. Chim. Physique, 1905, 5, 70 ; J. Physique, 19051 4, 678. 
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Table III, which shows these differences in the series of compounds 
measured in the present investigation, fails, however, to establish any 
close relationship between these quantities. For example, the differences 
between the susceptibility values of the dimethoxybenzenes is smaller 
than between the corresponding values of the dihydroxybenzenes, the 
substituent group being smaller in the latter case. For the dichlor- 
and dinitrobenzenes, however, the variation is in the opposite direction, 
the latter compound having both the larger substituent group, and the 
.greater differences between the susceptibilities of its isomers. Indeed, 

apart from the change of sign in the difference o m-, on passing from 

compounds with o-p directing groups to those with m-directing groups, 
perhaps the most striking feature is the generally appreciably higher 
numerical difference between the susceptibilities of the isomers when a 
nitro-group is one of the substituents, than when the nitro-group is absent. 
The exact significance of this observation is not immediately apparent, 
but it is perhaps noteworthy that other investigators, including Pascal, 
have observed anomalous effects in compounds containing the nitro-group. 


Comparison with Theoretical Values. 

It will at once be apparent that calculations of theoretical molar sus- 
ceptibility values on the methods of Pauling, 23 Slater, or Angus cannot 
.give different values for different isomeric compounds since they are based 
purely on the additive values of the constituent atoms, and no account 
is taken of bond depressions ; although of these methods, that of Angus 
gives the closest approximation to the experimentally determined values. 
These methods of calculation are based on the classical formula : — 


X = 






Van Vleck and Pauling have calculated the value of as 


= aa 


+3/a{i- 


l(l + i) - i/3 j j 


•where is the radius of the one-quantum orbit of hydrogen. 

Substituting the value so obtained for y^, and introducing numerical 
values for physical constants, the value of the susceptibility per gram atom 
is given by : — 


=: — 2*010 X 10“® ^ 


[z - sy 


^i[i -hi) — I ) 

5^2 J 


and the ionic susceptibility is given by : — 

(*00 

=: — 0*807 X io"®| r2(d.3'/dr)dr. 

Jo 

The method due to Slater 23 involves the use of modified values for 
screening constants in calculating and Angus further suggested that 
theoretical susceptibility values could be brought into closer agreement 
with experimental values by taking the s and p electrons separately in 
calculating the screening constants. According to the Angus method of 
calculation,^* and using the more accurate values for the physical constants, 
including the value 0*5292 x lo-^ cm. for now available, the values 
of the atomic susceptibility { — xl 'X 7'^9> 2*37, 

■and 6*02 respectively. The molar mass susceptibility of phenol for 

22 Pauliag, Proc, Roy. Soc. A, 1927, 114, 18 1. 

23 Slater, Physic. Rev.,^ig-^o, 36, 57. 

24 Angus, Proo. Roy. Soc, A, 1932, 13d, 569^ 

25 Van Vleck, Physic. Rev,, 1928, 31, 587. 

28 Birge, Taylor and Glasstone's Physical Chemistry, Vol. I, p. 21. 
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example, will, if no regard is paid to charge distribution, therefore be given 
by : — 

— Xm X lo® = (6 X 7-69) + (6 X 2-37) + 6-02 = 66-38. 

Similarly the molar mass susceptibility of dihydroxybenzene will be 
given by : — 

- XhI0» == (6 X 7-69) + (6 X 2-37) + (2 X 6-02) = 72-40 

Pascars method also, whilst allowing for constitutive eifects in addi- 
tion to the purely additive effects due to the different atoms irr the mole- 
cule, is unable to distinguish between various isomers. 

The method due to Gray and Cruickshank allowing for bond depres- 
sions is potentially the method that would give closest agreement with 
the experimental data, but owing to the difficulty in formulating adequately, 
the various canonical structures for the di:derent isomeric disubstituted 
benzenes, this method again fails to aford the different susceptibility 
values for these isomers. 


TABLE IV, 


Substance. 

1 

Angus Value of 
— X TO®. 

Differences betvvcon Exptl. and 

Thcorl. Values. 

ortho- 

3 

meta- 

4 

para- 

5 

Dihydroxybenzene . 

72-40 

3-64 

5-14 

5-93 

Dimethoxybenzene . 

97-26 

9*99 

10*20 

11*67 

Phenylenediamine 

80*43 

s-50 

9*95 

10*20 

Dichlorbenzene 

91*10 

6-84 

7*91 

8-17 

Dinitrobenzene . 

95 'o 8 

29-81 

24-55 

26*78 

Benzene Dicarboxylic acid . 

99-82 

16*21 

15-18 

16*31 

Nitrobenzoic acid 

97-45 

21-34 

17*23 I 

18*64 

Kitrobenzaldehyde , 

91-43 

23*20 

22*88 

1 

24*86 


Table IV, in which, in columns 3, 4 and 5, are given the differences 
between the experimentally determined values for the isomeric disubstituted 
benzenes and the theoretical susceptibilities calculated on the Angus 
method (column 2), shows some interesting points. Thus in compounds 
with o-p directing groups, the differences are generally of the order of 10 
or less ; whilst for compounds with m-directing groups the differences 
are greater than 15 and generally greater than 20. An examination of 
similar differences for the monosubstituted benzenes reveals a similar 
effect. Thus in column 5 of Table II, are given the differences between 
the susceptibility values of monosubstituted compounds and the theoret- 
ically determined values for those compounds on the Angus method.-^ 
Again, compounds with a m-directing group show an appreciably greater 
difference than those with o-p directing groups. It appears again also, 
that in compounds containing a nitro- group, the experimentally deter- 
mined susceptibility shows a deviation from the theoretical value, greater 
than in compounds which have no nitro- group. 

Summary. 

I. The diamagnetic susceptibility values for various isomeric disub- 
stituted benzenes have been determined using the Gouy method. 

Pascal, Ann. Chim, Physique, igro, 19, 5. 

Gray and Cruickshank, Trans. Faraday Soc., 1935, 31, 1491. 
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2. It is shown^that the o-compound has the highest susceptibility of 
the three isomers when, the substituent is o-p directing, and the m- 
compound has the highest susceptibility when the substituent is m-direct- 
ing. A tentative explanation of this phenomenon is put forward. 

3. Certain other quantitative differences are noted between compounds 
containing o-p directing groups and those containing m-directing groups, 
and further, the apparently anomalous effect due to the presence of a nitro- 
group is noted. 

Laboratory for Physical Chemistry, 

Bedford College, 

Regent's Park, N.W,i. 


THE OSMOTIC AND ACTIVITY COEFFICIENTS 
OF SODIUM AND POTASSIUM DIHYDROGEN 
PHOSPHATE AT 25° * 

By Jean M. Stokes, 

Received 2^th Ja 7 iuary, 1945. 

The activity coefficient of a potassium salt is usually lower than that 
of the corresponding sodium salt at the same concentration; indeed, 
there is generally a uniform decrease of activity coefficient with increasing 
atomic number of the alkali metal cation in order of Li> Na> K> Rb> Cs. 
This is true for the alkali metal chlorides, bromides, and iodides and^also 
holds for the nitrates. The order is not confined to salts containing an 
anion of the noble gas type because the same order has been found to occur 
with sodium and potassium thiocyanate.^ On the other hand, there are 
a few significant cases known in which the order is exactly reversed ; 
' lithium, sodium and potassium hydroxide ^ may be quoted as one example ; 
another is the series of alkali metal formates ® and acetates.^ It has been 
pointed out ® that this reversal of order of the activity coefficients seems 
to occur whenever the anion is that of a weak acid, such as acetic acid or 
water, and a mechanism of localised hydrolysis '' has been postulated 
to account for this behaviour. 

It is therefore desirable to make further measurements on the sodium 
and potassium salts of a series of weak acids of widely different dissoci- 
ation constant. As a part of this investigation the primary salts of phos- 
phoric acid have now been studied. Unfortunately, this choice was not 
a good one because it is now found that the phosphates give a series of 
very low activity coefficients, similar to those of the nitrates, corresponding 
to ion association of the Bjerrum type. Moreover, the sodium salt proved 
unexpectedly difficult to measure, the reproducibility of the results being 
of a considerably lower order than is experienced when working with other 
salts. The cause of this difficulty has not been discovered. Nevertheless, 
as an addition to our knowledge of this class of salts with very low activity 
coefficients, the data for NaHaPO^ and KH2PO4 are of interest. Experi- 
mental results are given in Table I. 

The osmotic and activity coefficients of these two salts, calculated 
from the isopiestic data of Table I, are given in Table II, As reference 

* Communicated by Dr. R. A. Robinson. 

^ Robinson, /. Amer. Chem. Soc., 1940, 63, 3131* 

^Haraed and Swindells, ibid,, 1926, 48, 126; Hamed and Hecker, ibid., 
1934, 56, 650 ; Harned and Cook, ibid., 1937, 59 » 49^. 

3 Scatchard and Prentiss, ibid., 1934, 56, 807. 

^Ref. 3. See also Robinson, ibid,, 1935, 57 i 11^5 ; 1937, 59 * S4. 

® Robinson and Hamed, Chem. Rev., 1941, 28, 419. 
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values the data quoted by Robinson and tiarned ® for KCl were used but 
the requisite adjustment was made in the reference values at high con- 
centrations, using the more recent data of Olynyk and Gordon.® 


TABLE I. — ^Molalities of Isopiestic Solutions of Potassium Chloride 
AND Sodium or Potassium Dihydrogen Phosphate at 25°. 


NaHaPOd. 

KCl. 

NaHgPOi. 

ICCl. 

NaHaP04. 

KCl. 

NaHaPOv 

KCl. 

0’I262 

1 

0*1240 

1*052 

0*9092 

2-469 

1*919 

3-945 

2*924 

OU479 

0*1442 

1*209 

1*022 

2*630 

2*004 

4-232 

3*120 

O' 202 O 

0*1955 1 

1-590 

1-305 

2*956 

2*246 

4-547 

3-345 

o '3285 

0*3116 

1-673 

1-367 

3-182 

2*403 

4-868 

3*577 

0-3526 

0*3332 : 

1-843 

1-485 

3-184 

2*405 

5-138 

3-770 

0*4782 

0*4429 

1*992 

1*590 

3*290 

2*472 

5-414 

3-962 

0-5570 

0*5105 1 

2-312 

i*8ii 

3-528 

2*630 

5-561 

4-057 

0-5897 

0*5366 1 

2-348 

1-832 

3-741 

2*779 

5-624 

4 -II 9 

0*8520 

07545 

2*405 

1*870 

3-858 

2-859 

6-585 

4-810 

1*032 

0*8944 







KHaPOi 

KCl. 

KH 2 PO 4 . 

KCl. 

KHaPO^, 

KCl, 

KH 2 PO 4 . 

KCl. 

0*0993 

0*0972 

0*4029 

0*3669 

1 

1 0*7450 

0*6351 

1-395 

I -08 1 

0-1148 

0-III5 

0*4123 

0*3736 

0*8503 

0*7126 

1-452 

1*122 

O-1412 

0*1355 

0*4425 

0*3972 

0*8940 

0*7437 

1-555 

I*i 85 

0-1578 

0*1512 

0*5636 

0*4994 

0*9523 

0*7850 

1*570 

1*196 

0*1708 

0*1632 

0*5942 

0*5240 

I-I 59 

0*9268 

1*752 

1-309 

0*2764 

0*2580 ' 

0*7130 

0*6134 

i*2o6 

0*9600 

1-820 

1-347 

0*3814 

0*3481 . 

0*7157 

0*6134 

* 1*230 

1 

0*9772 




TABLE II. — Osmotic and Activity Coefficients of Sodium and Potassium 
Dihydrogen Phosphate at 25°.* 


m. 

NaHgPOi. 

KHaP04. 

4,. 

V’ 

4. 

y* 


0*1 

0*911 

0-744 (-3) 

0*901 

0-731 (—3) 

0*2 

0*884 

0-675 (-3) 

0*868 

0-653 (- 3 ) 

0*3 

0*864 

0-629 (~3) 

0-843 

0*602 ( — 2) 

0-4 

0-847 

0-593 (-1) 

0*823 

0*561 (—1) 

0*5 

0*832 

0-563 (+1) 

0-805 

0-529 (—1) 

0*6 

0*819 

0-539 (+ 1 ) 

0*789 

0*501 (0) 

0*7 

o-8o8 

0-517 (+2) 

0*773 

0-477 (-f 1) 

0*8 

0-798 

0-499 i+z) 

0*760 

0-456 (+1) 

> 0-9 

0*789 

0-483 ( + 1) 

0*747 

0-438 (0) 

1*0 

0*780 

0-468 (0) 

0-736 

0*421 (0) 

1*2 

0*765 

0-442 (-1) 

0*716 

0-393 (-4) 

1*4 ! 

0*751 

0*420 

0*698 ! 

0-369 

1*6 

0*739 

0*401 

0-683 

0-348 

1-8 

0*729 

0*385 

0*669 

0-332 

2*0 

0*721 

0*371 




NaHzPOi. 


W2-5 

3-0 1 

3*5 1 

4*0 

4-5 

5*0 

5-5 

6*0 

6-5 

4 0-705 

0*696 1 

0-691 

0*691 

0*694 

0*699 

0*706 

0*713 

0*721 

y 0-343 1 

0*320 

0-305 

0*293 

0-283 

0-276 

0*270 

0*265 

0*261 


[For footnotes « and ^ see opposite page. 



68 ; 


JEAN M, STOKES 
Discussion. 

The activity coefficients of KH2PO4 are close to those of AgNO^ ^ 
and RbNOa® ; up to a concentration of 1*8 m. the activity coefficients 
of AgNOa and KH2PO4 do not differ by more than o*oo6. The data may 
be represented by an extended Bebye'Hiickel equation : 

0*5091 VI , - 1 / . ^ N 

log y -Zi + Be — log (i + 0-036 m,), 

1 + o*3286^JVi: 


This equation is valid up to 1-2 m., the highest concentration at which the 
necessary density data are available for converting molalities, to volume 
concentrations, if a == 2-5 A and B = — o-o88. 



The activity coefficients of NaH2P04 lie between those of KNO5 and 
NaNOg. T[p to 1-2 M., the Debye-Hiickel equation holds with a 3 A 
and B = — o-o6o6. 

The negative values of the terms linear in the concentration are note- 
worthy ; on Bjerrum’s theory of ion pair formation, each salt should be 


« Olynyk and Gordon, /. Amer. Chem. Soc., 1943, 65, 224, ^ v. 

* The fibres in parentheses give the deviations, in the thnd place of y, be- 
tween the observed activity coefficients and those calculated by an extended 
Bebye-Hiickel equation. A positive sign indicates that the calculated values 
are higher than the observed. 

’ Robinson and Tait, Trans. Faraday Soc., 1941^ 37» 509* 

® Robinson, J. Amer. Chem. Soc., 1937* 59 f ^4- 
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associated. The two salts are members of a class illustrated in Fig. i 
in which Scatchard ® has included the nitrates, chlorates and perchlorates, 
and whose behaviour is difficult to understand. It seems to be established 
that it is not due to the presence of charges near the ion surface because 
a different behaviour is observed with the formates and acetates. Nor 
do dipole moments appear to be a factor since both chlorates and per- 
chlorates belong to this category. The one factor wliich seems to be 
common to all these salts is the symmetrical shell of oxygen atoms around 
the central atom of the ion. 


Summary. 

The osmotic and activity coefficients of NaHaPOi and KH2PO4 at 
25° have been determined by isopiestic vapour pressure measurements. 
From the " ionic diameters required to fit the data to the Debye-Huckel 
equation it would be considered that these salts should undergo Bjerrum 
ion-association. These salts are members of a class, including the nitrates, 
chlorates and perchlorates, characterised by low activity coefficients. 

Our thanks are due to the Chemical Society for a grant from the 
Research Fund. 

VniveysUy College, 

Auckland, Neiv Zealand. 


A THERMODYNAMIC STUDY OF BIVALENT 
METAL HALIDES IN AQUEOUS SOLUTION. 
PART XII. ELECTROMOTIVE FORCE MEAS- 
UREMENTS ON ZINC BROMIDE SOLUTIONS.* 

By R. H. Stokes and Jean M. Stokes, 

Received 2^th January, 1945. 

In Part X of this series ^ is was shown that the isopiestic vapour pressure 
data for zinc bromide solutions were not in good agreement with existing 
electromotive force measurements. Moreover the cells used by Parton 
and Mitchell 2 were measured only down to 0‘02 molal whilst the work 
of Egan and Partington,® though carried to low concentrations, utilised 
double cells and consequently could not yield values for the standard 
electrode potentials. Accordingly it seemed desirable to make a further 
study of this salt, and in the present paper we report c.m.f. measurements 
on thf5 cell ; 

Zn — Hg (2 phase) 


over the temperature range 20°-4O° and from 0*002, 

Experimental. 

A stock solution of ZnBra was prepared from Baker's “ Analyzed " 
salt, A slight addition of A.R. HBr had to be made to bring the solution 
to the correct stoichiometric anion-cation ratio, which was determined 
by gravimetric analysis of Zn and Br. Doubly distilled water was used 

* Communicated by Dr, R. A. Robinson. 

1 R. H. Stokes, J. M. Stokes and R. A. Robinson, Tmns. Faraday Soc,, 1944, 
50, 533-. 

2 Jhid., 1935, 35, 758. 3 /. Chem. Soc., 1943, 157. 


ZnBra -AgBr — k% 

M 




R. H. STOKES AND JEAN M. STOKES 


689 


throughout and vacuum corrections of weighings were made whenever 
significant. As a check on the stock solution, a part of it was equilibrated 
against KCl in the isopiestic vapour pressure apparatus and was found 
to give results in excellent agreement with the “ solution A ” of Part X 
of this series. 

The Zn electrodes were of 5 % Zn amalgam, prepared by heating 
A.R. Zn with redistilled mercury, washing with dilute acid, and filtering 
while hot. The Ag — AgBr electrodes were of the typo described by 
Keston.^ Since the measurements were made entirely by artificial light 
no blackening of the cells was considered necessary. The cell vessels were 
of two types, an H cell (Fig. la) for the concentration range 0*05 m. to i m., 
and the form shown in Fig. 16, of lower internal resistance, for the more 
dilute solutions. The potentiometer was a Leeds and Northrup type K2 
and three new standard cells (from the Eppley Laboratories), kept in an 
oil bath, were used for standardisation. The thermostat was controlled 
to ± 0*02°, the thermometer being checked against one with a N.P.L. 
certificate. 




The cells were set up in an atmosphere of hydrogen as follows : A 
solution of the required concentration was prepared by weight dilution of 
the stock. The solution, contained in a separating funnel with a capillary 
outlet, was saturated with hydrogen by successive evacuations and 
admissions of the gas, and its concentration calculated from the final 
weight. With the AgBr electrode in position at A and the opening B 
closed with a. temporary stopper, the inlet C was connected alternately 
to the vacuum and hydrogen lines until all air was rinsed out. The 
stopper at B was then removed and the cell solution run in against a vigorous 
stream of hydrogen. A 2-3 c.c. portion of the clean amalgam, warmed 
until entirely liquid, was then added (without stopping the hydrogen 
flow) and finally the opening B closed by the ground-in contact rod D . 
After closing tap C the cell was left at 25^ in the thermostat overnight, 
or at least for several hours, to attain equilibrium. E.m.f. readings were 
then taken at 5° intervals in the following order : 25 to 40°, 40 to 20° , 
20 to 25°. In a few cases where the 25° value changed by more than 
0*1 mv. the run was discarded. Usually the three 25° results, taken over 
a period of eight to twelve hours, agreed to better than 0*05 mv, A few 

^J. Amer. Chem. Soc., i 935 » 57 » 1671. 
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of the cells were held at 25° for some days and it was found that in most 
cases two to three days elapsed before any significant drop in e.m.f . occurred. 

The experimental results are given in Table I. The electromotive 
forces at each concentration may be expressed as a quadratic in the 
temperature : 

Ei == E30 (calc.) H- a{t — 30) b(t — 30)^. 

The values of (calc.), a and &, obtained by the method of least squares 
are also given in Table I ; with these values the quadratic reproduces 


TABLE I.— E.M.F.s of the Cell Zn~Hg | ZnEr^ | AgBr-Ag from 20'' to 40°. 

I M I 



£20* 

Eb 6 - 

^ 30 * 

£35- 

■Edo* 

E30 Me.) 

a X 10 ®. 

h X iqO.. 

0*002026 

i*o6oi6 

i*o6ioS 

1*06189 

1*06249 

1*06302 

1*06187 

+14-3 

-2*8. 

0*003250 

1*04350 

1*04420 

1-04475 

1*045.19 

1-04547 

1*04476 

4- 9-9 

^ 2*7 

0*004250 

1*03415 

i '03473 

1*03512 

1*03540 

1-03550 

1*03514 

-h 6*7 

- 3-1 

0*007622 

1*01420 

1*01436 

1*01440 

1*01428 

1*01403 

1*01439 

— 0*8 

— 2*8 

0*008216 

1*01155! 

1*01172 

1*01172 

1*01163 

1*01147 

1*01173 

- 0*5 

-2*1 

0*01281 

0*99640 ; 

0*99640 

0*99612 

0*99581 

0*99533 

0*99615 

- 5-5 

“*2*8 

0*01887 

0*98367 

0-98344 

0*98308 

0*98251 

0*98176 

,0*98307 

- 9*5 

- 3-6 

0*03210 

0*96639 

0*96586 

0*96517 

0*96436 

0*96338 

0*96518 

-15*0 

— 2*9 

0*05705 

o* 9474<5 

0*94670 

0*94575 

0*94467 

0*94345 ' 

0*94576 

— 20*1 

- 3-0 

0*07289 

0*93944 

0*93859 

0 - 9375 S 

0*93636 

0*93500 

0*93757 

— 22*2 1 

- 3-5 

0*1000 

0*92896 

0*92801 

0*92684 

0*92550 

0*92401 

0*92684 

— 24*8 i 

- 3*6 

0*2028 

0*98477 

0*90347 

0-90201 

0*90032 

0*89837 

0*90201 

-31-9 

-4*4 

0*3810 

o*88io2 

0*87940 

0-87774 

0*87594 

0*87408 

0*87773 

~ 34-7 

-1*8 

0-4554 

— 

0*87231 

— 

— 

— 

— 

' — 

' — 

0*6986 

0-85544 

0-85385 

0*85233 

0*85073 

0*84908 

0*85232 

- 31*7 


0*7082 

0-85475 

0-85327 

0*85167 

0*85011 

0*84855 

0*85168 

— 

-0*3 

0*9900 

0*84030 

0-83895 

0*83766 

0*83629 

0*83508 

1 

0*83763 

— 26*2 

4-0*6 


the experimental results to better than 0*03 mv. For graphical repre- 
sentation of the 25° results the arbitrary deviation function, 

X = Fjg + 0*07918 log w, 

is very convenient since x covers a range of only a few millivolts. In Fig. 
2 the present results and those of previous workers 2* » are shown in this 



Fig. 2, — Comparison 
of measurements 

of cells containing zinc 
bromide at 25°. The 
experimental points are 
not shown as in each 
of the three sets of data 
they lie very close tO' 
the smooth curves. 


Present work. 


Egan and Partington. 


Paxton and Mitchell. 


form. The e.m.f.s observed by Egan and Partington would be expected 
to differ from ours by a constant amount, viz., the e.m.f. of the cell, 


Zn— Hg 


ZnBra 
0*3871 M. 


AgBr— Ag, 
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in which the molality is that of the fixed side of their double cell. By 
interpolation in our results This e.m.f- is 0*87880 volt. This amount has 
therefore been 
added to their 
e.m.f, s to simplify 
the comparison. 

It will be seen 
that the discrep- 
ancies among the 
three sets of re- 
sults are consider- 
able. Therefore 
in order to check 
our own data we 
have computed 
the water activi- 
ties in solutions above o*i M. by the method described in Part XI of this 
series, using the x function defined above to facilitate the integration. 
The results in Table II are in good agreement with our isopiestic data for 
another preparation of ZnBrg. 

Standard Potentials of the Cell, 

The Debye-Huckel theory gives a close correlation between the 
osmotic behaviour of a salt and the effective diameter of its ions. Agree- 
ment with experimental data is obtained, however, only with the use of 
■diameters much larger than those derived from crystallographic measure- 
ments and the difference may be attributed to the presence of a hydration 

sheath, the extent of which is 
probably controlled by electro- 
static forces. Since the electro- 
static field at the surface of an 
ion of given valency depends only 
on the diameter, the degree of 
hydration, and hence the Debye- 
Huckel parameter should be de- 
pendent only on the crystallo- 
graphic radius. The radii of Mg 
and Zn ions are 0*65 and 0*74 a. 
respectively so that we should 
expect the osmotic coefficient of 
a Zn salt to be very close to 
that of the corresponding Mg salt 
unless “ chemical “ differences, 
such as complex ion formation, 
occur. This parallelism is shown 
very clearly by the nitrates 
■and perchlorates of Mg and Zn ® where complex ion formation is 
d-ifficult to visualise. In Fig. 3 we have plotted the ratio 
for the nitrates and halides. From this graph it is apparent that the 
similarity between Zn and Mg salts holds for the iodides up to about o*5m. ; 
at higher concentrations the ratio departs rapidly from unity, and that 
it is the Zn salt rather than the Mg salt which is anomalous is readily 
appreciated from a plot of ^ against Vm (Fig. 4). With ZnBra and even 
more with ZnC]2 abnormality is found at lower concentrations and Fig. 3 
suggests that it is not permissible to regard ZnBrg as fully dissociated even 
at 0*1 M. . 

® Robinson, Wilson and Aylmg, ibid., 1943, 64, 1469. 

® Barbara J. Levien, Thesis y University of New Zealand, 1944. 



Fig. 3. — Ratio of osmotic coefficients of 
zinc and magnesium salts. 

I = Nitrates, II = Iodides, 

III = Bromides, IV = Chlorides. 


TABLE II. — Water Activities in ZnBr^ 
Solutions at 25^. 


m. 


(isopiestic). 

0*1 ! 

0*9953 

0*9953 

0*2 1 

0*9904 

0*9905 

0*3 1 

0*9852 

0-9853 

0*5 

0*9742 

0-9743 

0*7 

0*9625 

0*9627 

1*0 

0*9453 

0*9454 
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Accordingly we have thought it advisable for the purpose of making 
the extrapolation of the standard potential of the cell to limit ourselves 
to the region below an ionic strength of 0*05. It is true that the Huckel 
equation : _ 

— log y == "L (i + 0*054 

I -I- BVfx 

will represent the activity coefEcient of ZnBra up to considerably higher 
concentrations, provided a proper choice is made of the values of the 
B and C coefficients, but in view of the abnormality of the osmotic co- 
efficient at high concentrations this agreement can only be considered 
fortuitous. If this restriction is made on the concentration range used, 
then the Bates ’ extrapolation function : 

= -E + /: log 4 + 3 /« log m — 3kA + B Vfl) — zh log (1+0-054 m) 



Fig. 4, 

Osmotic coefficients 
of magnesium and 
zinc halides. 


gives a plot which is linear in m for any value of the effective ionic diameter 
from zero to 6a,, although the choice of diameter does have a small effect 
on the value of the extrapolated standard, potential. Thus at 25° the 
result for zero diameter is 0*83370 V and for 6a. it is 0-83392 V. We 
have thought it best to use a value of 5*5A. at all temperatures, i.e. a value 
slightly below that of 6a., used by Bates for Znlg. It is to be noted that 
as Znig behaves normally up to higher molalities than ZnBrg, Bates was 
able to use a wider concentration range for extrapolation and thus to 
determine a probable value of the ionic diameter. 

The standard potentials of the cell at the five temperatures are given 
im Table III where we have also tabulated the standard potentials of the 
zinc electrode, obtained by subtracting those of the cell : 

Ha I HBr I AgBr^Ag 

I a = I I 

/. Amer. Chem. Soc., 1938, 60, 2983. 
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TABLE III. — Standard Potentials of the Cell : Zn— Hg/ZnBrjj/AgBr—Aff 

AND OF THE ZiNC ElECTRODE (ON THE MoLALITY ScALE). 


Temp. 

1 JiO(ZnBr2). 

E^Zn) 
this work. 

£ 0 {Zn) 

Bates. 

Difierencii 

mv'. 

20 ° 

0-83684 

0-76312 

0-76322 

— -O-IO 

25° 

0-83388 

0-76260 

0-76275 

~o-i5 

30° 

0-83084 

0*76213 

0*76226 

-0-13 

35 ^ 

0-82766 

0-76166 

0-76176 

— O-IO 

40° 

0-82430 

0-76123 

0-76117 

+0-06 


The standard potentials may be represented by : 

+ a\t — 30) + b^(t — 30)2 

where 

£%o = 0-83084, a® = — 62-6 X iO“®, ^ 2*7 X lo-® for ^^(ZaBra), 

and 

= 0-76212, a® = — 9*4 X IO~•^ = 0*5 X 10-® for E®(Zn) 

given by Owen and Foering. s These E‘^(Zn) values agree very satisfactorily 
with those of Bates, ^ especially in view of the fact that in comparing the 
two sets of (Zn) values four different electrolytes and four extrapolations 
are involved. 

If a comparison be made with the corresponding results of Robinson 
and Stokes ® for ZnClg, it will be seen that the standard potentials of Zn 
derived from the chloride cells are approximately 0-2 mv. lower than 
those from the bromide cells. It has been shown in this paper that ZuClg 
can certainly not be regarded as normally dissociated at the concentra- 
tions used by Robinson and Stokes for their extrapolation ; consequently, 
although a discrepancy of 0*2 mv. is not large, less weight should be given 
to the values derived from the chloride cells than to the values now 
obtained from the bromide cells, in the extrapolation of which results in 
only the most dilute solutions were used. 

Activity Coefficients, 

The stoichiometric activity coefficients at round concentrations are 
given in Table IV. For this calculation the e.m.f.s were interpolated 

TABLE IV. — ^Activity Coefficients and Heat Contents of Zinc 

Bromide. 


m . 

y 20®. 

7 25^ ^ 

7 25“.* 1 

7 30®. 

7 35“. 

7 40®. 

•1-2(25°)- 

Cal. 

£2(30)°. 

Cal, 

0*002 

1 

0-856 

0-853 



0-854 

0-854 

0-853 



_ 

0-003 

0-834 

O-S3O 

— 

0-829 

0-828 

0*826 

— 

— 

0-005 

0-798 

0*795 

— 

0*794 

0*792 

0*791 

— 

— 

0*007 

0-774 1 

0*771 j 

— 

0*769 

0*767 

0-766 ! 

— 

7— 

o-oi 

0-747 , 

0*743 

— 

0-742 

0-741 

0-738 

310 

290 

0-02 

0-686 

0*682 

* — 1 

0-679 

0*677 

0-676 

440 

410 

0-03 

0-648 

0-645 

— 1 

0-642 

0-640 

0-637 

480 

440 

0-05 

0*605 ’ 

o*6oi ! 

— 

0-598 

0*595 

0-592 

i 640 

590 

0-07 

0-579 : 

0*574 

— 1 

0-571 

0-568 

0-564 

' 750 

690 

0*1 

0-554 

0*547 

(0*547) 

0*543 

0*540 

0-536 

980 

860 

0-2 

0-518 

0*511 

0-512 

0-506 

0-502 

0-499 

1190 

960 

0-3 

0*515 

0*506 

0-503 

0-502 

0-496 

0-491 

1430 

1380 

0*5 

0-525 

0*515 

0*513 1 

0-504 

0-493 

0-481 

2110 

2260 

0-7 

0-552 

0*537 

0*531 1 

0*521 

0-505 

0-489 

3040 

3350 

I-O 

0-582 

0*559 

0*558 ! 

0*535 

0*513 

0-488 

4370 

4800 


* From, isopiestic data. 


® J. Amer, Chem. Soc., 1936, 58, 1575. 
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to these round concentrations with the aid of deviation functions similar 
to the one illustrated in Fig. 2 and the activity coefficients then calculated 
by the usual equation. It will be noted that the activity coefficient in 
O' I M. solution at 25° is found to be 0*547. The isopiestic measurements, 
reported previously,^ were based on y = 0*555 the data of Parton 
and Mitchell, 2 so that it will be necessary to reduce all the activity co- 
efficients given in the earlier paper in the ratio 0*547/0*555 in order to 
conform with this new value at o*i m. When this is done the agreement 
between the e.m.f. and isopiestic values is reasonably good, as is apparent 
from a comparison of the two columns in Table IV for 25"^. It was not 
thought worthwhile to carry the e.m.f. determinations into solutions more 
concentrated than i m., as an uncertainty of unpredictable magnitude 
and sign might be introduced by the solubility of AgBr in the electrolyte. 
In this region the isopiestic method should be more reliable. 

Relative Partial Molal Heat Contents. 

Values of X2 for ZnBia were obtained by combining the Gibbs- 
Helmholtz equation with the quadratics relating e.m.f. and temperature . 
to give : 

Zj= - 2 F[(£ 3 o-E%o) - 303-15 (« - «") - (r® - 303-15^) {b — 6 *)]. 

It must be realised that a variation of 0*01 mv. per degree in the tempera- 
ture coefficient of the e.m.f. involves a change of 140 cal. per mol. in Tg ; 

consequently the values 
below 0*01 M. are of the 
magnitude of the experi- 
mental error. In Table IV 
we have recorded values of 
La to a degree of approxima- 
tion consistent with the ac- 
curacy of the e.m.f. data. 
This has been done for two 
temperatures, 30° and 25®, 
the latter set being con- 
venient for comparison with 
other data whilst the former 
corresponds to the tempera- 
ture at which is most 
accurately evaluated, i.e. the 
temperature in the middle 
of the range over which the 
e.m.f.s were measured. 

We do not believe that 
the accuracy of the second 
differential with respect to 
temperature over this short 
range justifies the tabula- 
tion of heat capacity data. 

If the p^tial molal heat contents of ZnClg,® ZnBrg and Znlg are plotted 
against V m, a^in Fig. 5, an interesting contrast is obtained. At all 
concentrations La for Znlg is less than the value calculated by the limiting 
Debye equation, although it approaches the limiting slope at concentra- 
tions less than o*oi m. Zinc chloride follows the limiting slope more closely 
even up to 0*2 m. at which concentration a normal electrolyte shows wide 
deviation from the limiting law. At high concentrations La for ZnCL 
increases rapidly and exceeds the value calculated by the limiting equation, 
ZnBrg exhibits an intermediate behaviour but its abnormality at high 



Fig. 5. — ^Partial molal heat contents of zinc 
halide solutions. 
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concentrations Js evident; thus the curves are consistent with the 
osmotic coefficient curves in that they indicate an unusual behaviour, 
most prominent in the chloride and least in the iodide. 

The Entropy of the Zinc Ion, 

From the equation given in Table III for the standard potential of the 
zinc electrode we may find, by difierentiation with respect to the tempera- 
ture, the entropy change of the reaction : 

Zn(s) + 2H+ Zn++ -{- 

The value obtained is AS° = — 4-57 cal. /degree /mol. at 25° compared 
with — 475 derivable in the same way from the data of Robinson and 
Stokes ® for ZnClg and — 4*61 obtained by Bates 1® from his work on Znlg. 
Latimer, Pitzer and Smith used — 4*5 entropy units. Using the entropy 
values of si' 2^ and 9*95 for hydrogen and zinc metal respectively, the 
entropy of the zinc ion would be — 25*9 entropy units, in agreement with 
the value given by Bates and only 0-2 units lower than that given by 
Latimer, Pitzer and Smith. This difference is scarcely significant in view 
of the probable error of the final result but the value of — 25-9 may be 
preferred . 


Summary. 

E.m.f. measurements have been made of the cell : 

Zn — ^Hg /ZnBr a/AgBr — ^Ag 

at 5° intervals between 20° and 40° and at 16 concentrations between 
0-002 and i m. The standard potentials of the cell have been derived 
and also those of the zinc electrode, the latter being in good agreement 
with other values obtained from measurements on Znl^. Considerations 
are advanced to show that ZnClg cells are not the most suitable for the 
extrapolation of the standard potentials but that ZnBrg cells are satis- 
factory at low concentrations. 

Activity coefficients of ZnBrg have been computed and found to be in 
reasonable agreement with those deduced from isopiestic vapour pressure 
measurements. 

The partial molal heat contents at 25° and 30® have been computed 
and the e.m.f. data have been used to substantiate one stage in the 
calculation of the entropy of the zinc ion. 

Auckland University College, 

New Zealand, 

® Robinson and Stokes, Trans. Faraday Soc,, 1940, 36, 740. 

J. Amer, Chem. Soc., 1939, 61, 322. 

Ibid., 1938, 60, 1829. 

Kelley, Bureati of Mines, Bull. 394, U.S. Government Printing Office, 
Washington, D.C,, 1936. 
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A REVIEW OF SOME OF THE RECORDED OB- 
SERVATIONS INVOLVING ASYMMETRIC 
transformations. 

By Margaret M. Jamison. 

Received 26th January, 1945. 

Most of the experimental work to be described here is familiar to all 
chemists as furnishing answers to the question "Is the compound X 
optically active or not ? ". The object, of the present discussion is to 
correlate the answers to the question " What happens to X as part of a 
diastereoisomeric pair when it is present in solution or crystallises out 
from it ? ”, X being optically labile. It must constantly be borne in mind 
that the authors quoted were usually concerned primarily with the first 
question, and that the evidence available for answering the second may 
very well be slight without in any way invalidating the first or affording 
any ground for criticism. 

(1) Second-Order Asymmetric Transformations. 

If a pair of diastereoisomers having one optically unstable component 
is present in saturated solution and one form begins to crystallise, the 
. whole of the product may then appear as the single crystalline diastereo- 
isomer, as long as the rate of interconversion of the two forms is greater 
than the rate of crystallisation. For example, a salt in which the basic 
component B is optically stable and the acid A optically unstable, and 
‘Bd-A less soluble than B^A, behaves thus 

B/-A Bc?-A Bd-A 

in solution crystalline, up to loo % . 

In order to recognise this effect unequivocally it is necessary to remove 
the stably asymmetric agent B and demonstrate the activity wliich has 
been induced in A : factors such as the optical instability of A in absence 
of B or the chemical character of the entity BA may preclude this in- 
controvertible proof, and less conclusive though often persuasive stereo- 
chemical arguments may have to be called in, e.g. the mutarotation of 
the deposited material in another solvent and consideration of its specific 
rotation compared with that of salts of B with inactive acids, coupled 
with effectively complete precipitation of BA as a- uniform substance. 

It will he seen from the following examples that this process can take 
place with diastereoisomers which are ionised in solution and therefore 
have no reality until the point of crystallisation is reached, as well as with 
those winch because of suppression of dissociation for one reason or another 
are always entities containing two centres of asymmetry, one labile and 
the other not. 

Examples of Proved Asymmetric Transformation of the 
Second Order. 

Pope and Peachey ^ crystallised methyl-ethyl-7^-propyltin cZ-camphor- 
sulphonate (I) from water, obtaining only one salt, [M]ji + 95° in water 
{subtracting the value for the camphorsulphonate ion, [M]jy for the basic 
radical is about 45°) ; treatment of tliis salt with potassium iodide 
gave (^-methylethyl-?«-propyltin iodide. The inversion presumably in- 

^ Proc, Chem. Soc., 1900, 16, 42. 
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CH, 


volves a flat tin cation. In their second case of asymmetric transforma- 
tion, that of methylethyl-'W-propyltin ^Z-a-bromocamphorsulphonate, 
which crystallised from acetone in fractions of constant specific rotation 
([M]d -j- 318'^ in water at ordinary tempera- 
ture), the same authors carried out an in- 
teresting demonstration of the nature of the 
process. 2 Allowing + 270° for the molecular 
rotation of the acid radicle they assumed 
that they had the salt ^^-base ^Z-acid, [M];^ 

+ 48° being attributed to the ^Z-base part. 

On heating a i % aqueous solution of the salt for 2 hours at 100° in a 
sealed tube the [M]j) fell to -f 273° and the solution presumably then 
contained the ^Z-bromocamphorsulphonate of the ^ZZ-base. On evaporating 
to dryness, the product had [M]d + 315° and had obviously undergone 
reconversion into i^-base <^-acid. Decomposition of this salt with potas- 
sium iodide gave a dextro-rotatory iodide, while decomposition of the 
supposed partial racemate gave inactive iodide. 

d-Bd-A sealed tube 100®, i % solution dl-Bd~A 


CH3 CHg . CH, 

X ' 

CH3CH; O3S . C10H13O 

I. 


KI, EtOH 


I) + 3i8° •- 
X 


2 hours 

evaporate to dryness 


+ 273° 




KI, EtOH 


dl-MeEtPrSnl 


^^/-MeEtPrSnl 


H CH3-CH0 OH 

II. 


A solution of quinine and oximinocyc^ohexane-4-carboxylic acid (II) 

/OH 

(owing its potential optical activity to the non-planar <■ ^ group and 

yOH 

its optical instability to the ease of the conversion ) 

in 30 parts of water gave an 80 % yield of the quinine ^acid salt (+2jH20);^ 
the authors, Mills and Bain, observed that the salt crystallised from an 
inactive mother liquor and appended the classic explanation : of the 
two diastereoisomeric quinine salts, that of the Z-acid must be the less 
soluble in water, and thus crystallises first from an aqueous solution 
containing equal quantities of the tAvo salts. The excess of quinine 
d-acid salt thereby left in solution, however, racemises very rapidly, so 
that in spite of the removal of the quinine Z-acid salt, an approximate 
equality is maintained between the quantities of the two salts in the 
solution.” Decomposition of the quinine /-salt with sodium hydroxide 
gave a sodium salt [M]j^ — 91°. A similar transformation was eflected 
using morphine in hot ethyl alcohol and gave the salt morphine ^Z-acid, 
which yielded dextro-rotatory ammonium salts on treatment with 
ammonium hydroxide. 

From a hot alcoholic solution of potassium dihydrogen trioxalo- 
' chromiate and two molecular proportions of strychnine Werner ^ obtained 
a salt potassium distrychnine trioxalochromiate (-j- 4H2O) (III) having a 
specific rotation [aj^ + 430° in water ; further crops of crystals from the 
mother liquor Avere also dextro-rotatory. The rotation AAuth respect to 

^ Proc. Chem, Soc,, 1900, 16, 116. ® /, Chem. Soc., 1910, 97, 1S66. 

^ Bevichte^ 1912, 45, 3061. 
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the trioxalochromiate ion mutarotated almost to zero in ij hours, and 
Werner proved that he was handling the ^^-base c^-acid by converting it 

into t?-tripotassium trioxalo- 
chromiate. Furthermore, when 
potassium distrychnine trioxalo- 
chromiate was dissolved in hot 
water in dilute solution, crys- 
tals of tristrychnine /-trioxalo- 
chromiate {-]- 4H2O) separated 
[a](j — 300° in water, additional 
fractions being /-rotatory also : 
Werner noted that the mother liquor from which crystallisation was taking 
place was “ practically inactive.'' This would not be expected if resolution 
was taking place. Decomposition of the /-tristrychnine salt with potas- 
sium iodide gave the /-rotatory tripotassium trioxalochromiate. 

Leuchs and Wutke ® found that 2-0-carboxybenzyl-i-hydrindone (IV) 


K 


5{ 










N,o 


III. 



DH, CH. 

\ / 1' 
CH 


COaH 


rV™\ 






CIV 



-U 

in 



d~ or /-form. 


IV. inactive enolic form. 


and one molecule of brucine crystallise from acetone to give a 94 % yield 
of a salt which on decomposition with sulphuric acid leaves a dextro- 
rotatory acid + 64°, mutarotating in. chloroform). They assume 

that the optically inactive enolic form is the intermediate between the 
two active ketonic forms and that the asymmetric transformation is 
accomplished thus : — 


B /-acid ^ B enolic acid ^ B dZ-acid ^ crystals. 


Following up their demonstration of optical activity in the oxime, 
Mills and Bain ^ found that the quinine salt of the N-benzoylphenyl- 
hydrazone of cyc/ohexanone-4-carboxylic acid (V) crystallises from a 
mixture of methyl alcohol and water to give the /-quinine d-soXt (decom- 
position with the appropriate alkali gives the sodium, ammonium or 
potassium salt of the ^-acid). Unfortunately, the percentage yield on 
crystallisation is not recorded, and it is therefore not possible to state 


H CHa— CHa. .NPh . COPh 

V. 



categorically that the separation is not, on this evidence, a resolution ; 
however, the authors record that concentration of the mother liquor 
yielded nothing but the (/-acid salt, which makes it appear likely that 
transformation has taken place. The semicarbazone of (;y£;/ohexanone-4- 
carboxylic acid was “ activated " in the same way by crystallisation 
of its morphine salt from aqueous methyl alcohol, the salt obtained giving 
a dextro-rotatory ammonium salt on treatment with ammonium hydroxide. 

A neat piece of work by Leuchs demonstrates second-order trans- 
formation with formal simplicity. 2*4 g, of hydrocarbostyril-3 -carboxylic 
acid (VI) and 4-07 g. of anhydrous quinidine were dissolved in 40 c.c. 
of methyl alcohol : three crystalline fractions were collected (amounting 
in all to 6*2 g. of a salt containing two molecules of water of crystallisa- 
tion). Each fraction was decomposed by hydrochloric acid at — 10=' 

® Berichte, 1913, 46, 2420. ® J. Chem, Soc., 1914, 105, 64, 

^ Berichte, 1921, 54, 830. 
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and the acid obtained dissolved in 5-5 % solution in glacial acetic acid and 
its racemisation watched at iS°, The specific rotations of the samples 


are given in the 
accompanying 
table. Leuchs re- 
ferred the optical 
instability to the 
existence of the 
inactive enolic 
form as an inter- 
mediate. 


Fraction. 

Weight. 



I 

4 g. 

+ 1-08*^ 

+ 56-4° 

2 

1-5 g- 

4- 1*09° 

— 

3 

07 g. 

I 

— 


When the /-hy dr oxy hydrin damine salt of i^^chlorobromomethane 
sulphonic acid (VII), M’CaJu in methyl alcohol — 72°, was dissolved in 
acetone which contained a little methyl alcohol a salt was deposited having 
Jkr[a]i, in methyl alcohol — 173° initially but exhibiting mntarotation 
to — 72° on keeping.^ Read and McMath concluded that the crystallis- 
ation had resulted in asymmetric transformation to the ^base Z-acid salt. 
They also carried out the preparation of the mirror-image salt d-hsise 
«Z-acid, using t?-hydroxyhydrindamine under similar conditions. Attempts 
to remove the optically active base or to replace it with benzidine or j 3 - 
naphthylamine gave optically inactive products : 
but by mixing equal quantities of the salts 
d-base ^-acid and /-base dl-acid, in which the 
CH^H rotation of the basic parts cancel each other, 

YU, they obtained a residual [M]i> of -h 49° which 

they attributed to the positive acid. In a later 
paper ® these same authors describe interesting behaviour of chlorobromo- 
acetic acid and /-hydroxyhydrindamine in their crystallisation as salts 
from chloroform containing a little methyl alcohol. Slow deposition from 
a cold solution gave /-base t//-acid, [M]d in chloroform containing a little 
methyl alcohol — 50°, while rapid cooling of a hot solution to super- 
saturation gave /-base ^/-acid in 75 % yield, [M]ji approximately 0°, chang- 
ing to 50° on warming and keeping. The mother liquor from this cry- 
stallisation deposits /-base t//-acid. Use of d-hydroxy- 
hydrindamine enabled the d-base /-acid and d-base PhSO^v .CHaCOaH 
(//-acid to be prepared : an attempt to prove the ^ 

optical activity to be due to the acid and to find its 
rotation by taking equal weights of ^/-base /-acid 
and /-base c//-acid in chloroform containing methyl 
alcohol resulted in a fleeting observation of aj, — o-i°, 
i»5 mins, after wettizig with solvent. It is therefore 
uncertain whether this is a true asymmetric trans- VIII. 

formation or not. 


N NO2 



Mills and Elliott extended the scope of the phenomenon when they 
found one substance, the brucine salt of. N-benzenesulphonyl-8-nitro-i- 
naphthylglycine (VIII), which underwent asymmetric transformation of 
the labile acid part in opposite directions in two different solvents : each 
of the diastereoisomeric salts was decomposed to give an active acid, so 
that the result was in effect as if a resolution had been performed. The 
first asymmetric transformation, to base /-acid, H2O from acetone, took 
place almost quantitatively, while that from methyl alcohol gave 75 % 
of the possible base £/-acid, 3H2O. The sequence of changes is clear from 
the diagram : — acetone 


(//-acid acetone 
brucine j 5>- 


A.H2O I % solution 75 % 
^ 


-A . sHgO 


® Read and McMath, J. Chem, Soc., I 9 ^ 5 » 157 ^ ® 1926, 2183. 

Jhid., 1928, 1291. 
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Tlie cause of activity in this molecule is the restriction of the rotation of 
the substituted amino group by the nitro group, resulting in asymmetry. 

Using another compound owing its potential activity to restriction 
of rotation, in this case a base, Mills and Breckenridge record similar 
optical behaviour . 8-Benzenesulphoncthylamino- 1 -ethylquinolinium d- a- 
bromo-camphor-TT-sulphonate (IX) crystallised slowly from a mixture of 
ethyl acetate and acetone giving the salt ^-base ^-acid, 2H2O which showed 
mntarotation in the Isevo direction in water, chloroform and ethyl alcohol ; 
on shaking a chloroform solution of the salt before mutarotation with 
aqueous potassium iodide the <^-qirinolmium iodide was obtained. Un- 
fortunately, the percentage weight of salt crystallising is not recorded, 
so that there is nothing formally to differentiate the crystallisation from 
a resolution : however, it is unlikely that a substance showing optical 
instability in three such diverse solvents as chloroform, water and alcohol 


PhSOav vEt 

Et 

^OH 

/ ■ \ 

\ < > 

AcOfiK , 

CH,. . CH, 

c 1 “ 

1 1 

l*h— SO.—C— COoH 

xA-s/ 

H 

IX. 

X, 

XI. 


would be stable enough for resolution in ethyl acetate solution. Using 
the ^?-a-bromocamphorsulphonate in a mixture of methyl alcohol and 
ethyl acetate the ?-base d-acid was obtained and gave a Isevo rotatory 
iodide on decomposition. 

Corbellini and Angeletti reported that 2 '“(a-hydroxyi 50 propyl) 
diphenyl-2-carboxylic acid (X) and brucine formed a salt which crystal- 
lised from ethyl alcohol as brucine /-acid in 83 % yield, a figure which 
was raised to 97*6 % 011 repetition by Jamison and Turner who also 
describe an analogous transformation from chloroform solution by evapo- 
rating to dryness on a boiling water bath with continuous stirring to 
accelerate crystallisation. Decomposition with mineral acids gave the 
/-rotatory acid. 

A similarly complete conversion has been observed of the brucine salt of 
a-phenylsulphonebutyric acid (XT), which crystallises from acetone as the 
salt brucine /-acid ; this salt is decomposed by hydrochloric acid to give the 
/-rotatory acid. A tautomeric mechanism is postulated for the optical 
inversion 


Work on relative optical stability within various series has led to the 
discovery of several examples of second-order asymmetric transfoi*mation 
NO OMe among substituted diphenyl derivatives. Yuan 

/ ^ \ Adams have a good case, for example, 

y \ y \ behaviour of brucine dl-i : 5-dimethoxy- 

\ / \ y 2'-nitro-6'-carboxydiphenyl which crystallises 

\ \ from water in three fractions amounting in all 

CO2H CHg to 90 % of the theory, and all having the same 

f^l specific rotation : decomposition wuth ice-cold 
hydrochloric acid gave the /-acid. The cin- 
chonidine salt behaved similarly. In a later 
paper the same authors describe equally 
conclusive evidence' for the asymmetric second-order transformation of 
2-nitro-6-carboxy-2'-metlioxy-5'-methyldiphenyl (XII) and the series with 


/. Chem. Soc., 1932, 2209. Atti. R, Accad. Lincei, 1932, 15, 96S. 

Jamison and Turner, /. Chem. Soc,, 1942, 437. 

J. Amer. Chem, Soc., 1932, 54, 4410. 

lUd., 1932, 54, 2966. Ibid., '1932, 54, 4434. 
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Cl, Br and NO2 in the 5' position by brucine in alcohol containing 
varying amounts of water. Yuan and Adams among others, use the 
word “ resolution ” to describe this process : this would appear to ‘be a 
misuse of the term, which has hitherto referred to the separation of a 
racemic mixture into its stereoisomeric constituents, not conversion of it 
all into one form. 

Stoughton and Adams record the dextro asymmetric transformation 
of 2-nitro-6-carboxy-2'-fluoro-5'-m6thyldiphenyl (XIII) with brucine from 
ethyl alcoholic solution ; quinine eifected the same conversion. Searle 
and Adams found that the dibrucine salt of 2 ; 2'-diiodo-6 : 6'-dicar- 
boxydiphenyl (XIV) crystallised from 95 % ethyl alcohol in three identical 



XIII. XIV. XV. 

fractions totalling 83 % of the possible quantity, which could be shown 
by decomposition with 6 N. hydrochloric acid and separation of the /-acid 
to be the single diaster eoisomer. It is noteworthy that crystallisation 
from methyl alcohol did not favour second'Order transformation but gave 
a mixture of crystals of diastereoisomers which could be separated by 
hand picking. Working in the dinaphthyl series Meisenheimer and 
Beisswenger found that ethyl hydrogen i : i''"dinaphthyl-8 : 8'-dicar- 
boxylate (XV) underwent theoretical conversion into the brucine /-acid, 
3H2O salt from ethyl acetate containing a little methyl alcohol : decom- 
position with dilute mineral acid led to the separation of the /-acid, A 
second acid, i : i'-dinaphthyl-8-carboxylic acid (XVI), and brucine dis- 
solved in ethyl acetate gave a solution which could be made to deposit 
base /-acid . HgO or base cZ-acid . HgO according to which of these was 
used to inoculate it. The same authors, with Theilacker,2o describe 
similar activation by alkaloids of j3-(2-hydroxy-3-carboxy-i -naphthyl) 
methyl ketoxime (XVII). 



XVI. XVII. XVIII. XIX. 


N-benzoyl-2 : 4 : 4'-tribromo-6-carboxycliphenylamine (XVIII) when 
dissolved in acetone containing i M. of cinchonidine deposited x m. of 
cinchonidine d-salt in 94 % yield ; deposition of crystals could be acceler- 
ated by boiling the solution without loss of optical purity in the product. 
Treatment with pyridine followed by dilute HCl gave the c/-acid,®^ An 
almost quantitative yield of brucine /-N-benzoyl-2^-chloro-2-methyl-6- 
carboxydiphenylamine (XIX) is deposited from a salt of the racemic acid 
and brucine by slow crystallisation from a mixture of ethyl alcohol and 
ether. Decomposition with formic acid and ice-cold hydrochloric acid 
gave the /-acid. 22 

J, Amer. Chem. Soc., 1932, 54, 4426. Ibid., 1933 . 55 » 1649. 

^^Berichte, 1932, 65, 32, Annalen, 193^. 495 » 249. 

Jamison and Turner, J. Chem. Soc„ 1938, 1646. 

Idem., ]. Chem. Soc., 1940, 264. 
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Adams and Kornblnm investigated the effect of chain length in the 
bridge of the compounds (XX, XXI) on their optical stability, and in the 
course of the work describe two cases of what now appears to be second- 
order asymmetric transformation. 



CH, 


Cl 


When n is large enough, the four forms above, all optically active, should 
be present together at equilibrium in solution, and a suitable alkaloid and 
solvent should be capable of bringing out one of the forms as a crystalline 
salt. The authors found that •when n = lo, brucine in methyl alcohol 
gave a 77 % yield of a dibrucine salt in the first fraction, and a further 
quantity of the same salt from the mother liquor ; decomposition with 
hydrochloric acid gave a dextro rotatory acid. 
In the case where w = 8 cinchonine acts as a 
transforming agent in ethyl alcohol to give 
three fractions (representing 91 % of the theor- 
etical quantity) all with the same specific ro- 
tation and each giving a ^acid on decomposition 
with hydrochloric acid. 

Adams and Gross demonstrating^ optical 
activity in a substituted benzene derivative 
found that the quinine salt of i9-chloro-j3-(2-methoxy-4, 6-dimethyl-5- 
chlorophenyl) acrylic acid (XXII) was deposited from ethyl acetate in 
a series of fractions all of which had the same specific rotation and yielded 
the dextro acid on treatment with hydrochloric acid. 


Cl 

I 

■\/\/S, 


^CH . CO„H 


\0CH3 

XXII. 


Examples of Itif erred Second -Order Asymmetric Trans- 
formation in Absence of Direct Observation of Optical Activity 
in the Separate Activated Substance. 


From the study of cases of proved asymmetric transformation listed 
above it appears that the secondary characteristics (i.e. other thaxi the 
removal of the transforming agent to leave a dectectably asymmetrically 
activated body) are : — 


COJ-I 


NOj 


c 


5- 


>NOo 


1. Crystallisation produces one salt {i.e. all fractions identical) from 
a solution which originally contained the two types, for example, ^^-base 
/-acid and d-hdSQ ^?-acid. 

2. This salt when dissolved in another 
solvent may 

(ft) mutarotate, or 
(6) deposit another form, or 
(c) show a rotation which is strikingly 
different from that of the resolving agent : 
this latter kind of evidence can only be 
accepted with great reserve. 

4 : 4'-Dinitrodiphenic acid (XXIII) (i g., i m.) and quinine hydrate 
(2*3 g., 2 M.) dissolved in 96 % ethyl alcohol deposited the following 
fractions: (i) 1*75 g. salt, m.p. 207-208°, 108*4° CHCI3; 


can 


XXIII. 


(2) 0*8 g, salt, m.p. 207-208°, [a]“” in CHCI3 + 110*3°. Removal of the 
base from these fractions gave an optically inactive acid ; nevertheless, 


J. Amer. Ch&m. Soc., 1941, 63, 188. 


Ibid,, 1942, 64, 1786. 
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Kuhn and Albrecht 25 assert that this is an asymmetric transformation 
for the following reasons : — 

[a) the product, all the same substance, represents 80 % of the possible 
yield, 

ip) quinine m-nitrobenzoate and quinine phthalate have the specific 
rotations — 163*5° ” 168*2° in the same circumstances, pointing 

to the above being the salt of a dextro acid (but see Kharasch, Senior, 
St anger and Chenicek,^^. 26 the anomalous rotation of quinine salts ; 
this piece of evidence would appear from their work to be anything but 
conclusive), and 

(c) the acid falls into a series with two, one and no nitro-groups in the 
.^-position in diphenic acid : — 

6 : 6'-dinitrodiphemc acid resolvable with brucine acid optically stable. 

4 : 6'-dmitrodipheiiic acid resolvable with quinine acid racemises. 

4 : q'-dinitrodiphenic acid asymmetric transformation acid too unstable to 

with quinine see active. 

Pfeiffer and Quehl 2? claim to have observed optical activation in the 
field of octahedral asymmetry. Zinc jS-camphorsulphonate with 3*5 m. • 
of phenanthf oline (XXIV) crystallised from water to give an 80 % yield • 



XXIV. XXV. 


of a salt [Zn (phen) 3] O . SOgCj oHjgO . 7 HgO. After purification by fractiona- 
tion from acetone and water, a i/iooo m. in 25 c.c. of water had a rotation 
aj, of 0*0° while for the zinc camphorsulphonate alone it was + 0-93°. 
Working in the reverse order, a solution of i /looo m. zinc j 3 -camphor- 
sulphonate in 25 c.c. of water, a + 0*92°, was treated with 3 m. of phen- 
anthroline, when a fell immediately to + 0*09°, ammonia, pyridine or 
ethylenediamine showing no such effect. Pfeiffer and Quehl attribute 
this change in rotation to the preferential formation of the Z“[Zn(phen)3]++ 
complex in presence of the camphorsulphonate ion, although conversion 
into the corresponding dibromide or dinitrate resulted in optically inactive 
products. 

Mills and Clark prepared the diquinine salt of a complex anion of 
mercury with 4-chldrobenzene-i : 2-dithiol (XXV). If the mercury 
valencies are tetrahedrally disposed the complex can exist in two mirror 


image forms. Crystallisation 
produced two distinct forms, 
styled a and The a-form 
dissolved in acetone began to 
deposit the j 3 -form within a 
few minutes : the jS-form dis- 
solved in chloroform de^ 







^-form 


posited the a. Both forms 

come out with solvent of crystallisation. Mutarotation of the freshly 
dissolved substances was looked for as low as — 35° but was not detected. 
It would appear that there are three possible explanations of this be- 
haviour : 


2® Annalen, 1927, 455, 272. 
2"^ Berichte, 1931, 64, 2667. 

25 * 


J, Amer. Chem. Soc,, 1934, 56, 1646. 
28 ]. Chem. Soc., 1936, 175. 
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[a) dimorphism of a stable mercury complex salt, involving crystal-* 
lisation with the solvent, an insufficient explanation since the tw^o forms 
after loss of solvent retain their difference in solubility ; 

(£>) and /rans forms of a flat mercury cation, also inadequate, as 
dimorphism could then be shown by metallic salts ; 

(c) second-order asymmetric transformation between diastereoisomers 
with a tetrahedral mercury cation. 

Dismissing (a) and (6), and proving that internal dissociation does not 
occur, the authors favour the last explanation. 

(2) First-Order Asymmetric Transformations. 

Kuhn 28. 29 called the effect which he and Albrecht observed in the case 
of the quinine salt of 4 : 4'-dinitrodiphenic acid an asymmetrische Um- 
lagemng erster AH — ^referriiig to an optical activation which ceases to 
exist when the transforming agent is removed. This definition seemed 
satisfactory at first but further consideration reveals that it is difficult 
to apply, for “ ceases to exist " is a criterion which may depend on the 
standard of laboratory technique which is used for the detection of the 
unstable optical activity. The use of an altered definition was therefore 
suggested,^^* 22 and clearly set out in 1942.^^ 

Suppose, to take a representative example, a configuratively unstable 
optically active acid exists in solution ; it consists of equal quantities of 
^acid and cZ-acid. On the addition of one form of an optically active, 
optically stable base there is immediate formation of the diastereoisomers 
B^A and Bc^-A in equal quantities ; these have different optical stabilities 
in solution and a change begins to take place until the equilibrium is reached. 

mixing 
equilibrium. 

The setting up of this equilibrium is the first-order transformation. 

The primary essential for the operation of the process is the reality of 
diastereoisomers in solution, and therefore it would not be expected to 
take place in the case of salts in ionising solvents such as water nor, for 
example, in the diastereoisomeric d- and Z-S-benzenesulphonylethylamino- 
I -ethylquinoUnium-t?-bromo -camphor- 7r-sulphonates in CHCI3 prepared 
by Mills and Breckenridge.’-^ This is the salt of a quaternary ammonium 
base and therefore must be ionised in solution even in chloroform : it did 
not show first-order transformation, and evidence for its absence is afforded 
by calculating from the figures given by the authors the extent of muta- 
rotation of the Z-base cZ-acid and iZ-base «f-acid in chloroform. These values 
are [a]64fli 108*4° 106*7° respectively : they represent equality within 

the limits of experimental error on substances that show mutarotation, 
and demonstrate that there is no differentiation detectable between the 
diastereoisomers in solution : in fact they do not exist until crystallisation 
takes place. 

The first milestone in the study of optical activation (first-order trans- 
formation) in solution is generally considered to be the work of Read and 
McMath ® on /-hydro xyhydrindamine chlorobromomethanesulphonate. 
The salt /-base /-acid in anhydrous acetone (purified through the bisulphite 
compound) had [M]jy — 256° three minutes after wetting with solvent, 
mutarotating to 187° in less than an hour. The salt /-base ^/-acid 
under the same conditions had an initial — 71° changing to — 187° 
in the same time (see Fig. i). Assuming proportionality between rotation 

Berichte, 1932 , 65 , 49 . 


B/-A ^ 

50 % 
b;-a 
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and concentration and no dissociation of the salts, the authors calculated 
the equilibrium composition to be 

B/-A ^ Bd-K 
81 % 19 % 

They were not able to carry out the highly desirable experiment of re- 
moving the optically active base and demonstrating directly the excess 
of ^^-acid at equilibrium. 

Shortly before this work was done, McKenzie and Smith had made 
experiments on the rotation of /-menthyl esters of phenylbromoacetic 
and phenylchloroacetic acids in ethyl alcohol in presence of a very small 
concentration of alcoholic potash. The results, in those cases which 
are free from complicating factors, demonstrate first-order transformation 
from all three possible starting points, the ^^-acid Z-ester, the Z-acid Z-ester 
and the ^ZZ-acid Z-ester.®^ For example, changes in rotation make it clear 
that the following scheme is operable in Z-menthyl phenylchloroacetate : — 

Ph . CHCl . COaCjoHi, -f- Ph . CHCl . 

50 % 50 % 


Ph . CHCl . COaCioHio -{- Ph . CHCl . 

57 % 43 % 

/ Ph . CHCl . COAoHjA/^ (Pli . CHCl . COAoHisl 

l 100 % J I 100 % J 

The most striking effect, mutarotation of a tZZ-mixture of esters in alcohol 
on adding one drop of alcoholic potash has been shown to take place with 
the related substances Z-menthyl dl- 
phenylbromoacetate, Z-menthyl dl- 
phenylchloroacetate, Z-menthyl dl- 
mandelate and amygdalin ®2 where 
the transforming agent is the gentio- 
biose residue. The properties of the 
diastereoisomeric pairs of esters, their 
unequal rates of saponification in 
particular, and the optical instability 
of the acids means that removal of 
the activating Z-menthyl residue to 
leave the acid in a state which would 
be reliably indicative of its equili- 
brated optical composition in solution 
in the form of the ester is not possible. 

McKenzie and Smith say that ‘'the 
velocity of the catalysis is greater with 
the Z-menthyl £Z-phenylchloroacetate 
than with its diastereoisomeride." 

They arrived at this conclusion by 
calculating the percentages of original 
ester left after certain lengths of time 
in each case, a calculation which 
neglects the fact that the system is Fig. i. 

moving towards an equilibrium com- 
position which is not that of the racemate. However, they publish their 
actual readings for change of rotation with time in the d-l- and Z-Z-esters, 
and from these data rate constants for approach to eqidlibrium can be 

Chem. Soc., 1924, 125, 1582 ; see also Ritchie, Asymmetric Synthesis 
and Asymmetric Induction, 1933, p. 83. 

^^Berichte, 1925, 58, 894. Smith, ibid,, 1931, 64, 1115. 
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calculated whicli are in as good agreement as might be expected from 
velocity measurements made without temperature control, and with regard 
to the possible side reactions ; in any event, the evidence is not such as 
to justify calling the rates different. The authors were prepared to find 
that there is a difiereiice in the rates of the catalysed reactions of the 
diastereoisomers, but they failed to see, as did many other workers about 
this time in the same field, that the relevant reaction "is partial inversion 
and not partial racemisation. The nature of their material and the fact 
that the activated group could not be isolated without isomeric change 
made this work of McKenzie and Smith unsuitable for the inception of 
a general theory : with the theory established, their experimental work 
falls into place and lends it convincing support. 

Kuhn and Albrecht went so far as to presume an optical activation 
in solution without seeing any mutarotation in the case of 4 : 4'-dinitro- 
diphenic acid and quinine in alcoholic solution, entirely on account of a 
large difference of rotation, carrying it over to the opposite sign, between 
the quinine and the salt. Lesslie and Turner, observed similar effects 
in diphenic acid itself with no less than six alkaloids. Since the work of 
Kharasch, Senior, Stanger and Cheiiicek,^^ these authors, together with 
Winton/^ have reconsidered the results which led them to believe that 
quinine diphenate mutarotated at ordinary temperatures as a consequence 
of optical activation, and shown that the optical stability is not of this 
order but a much lower one and is only just perceptible at — 30°. 

Mills and Elliott were the first to prove by isolation of the activated 
substance in its optically active form that the mutarotation observed in 
an optical activation was due to the production of one diastereoisomer in 
excess over the other. Such proof is very desirable, for mutarotation 
might in any one case be due to several possible things — ^slowness of salt 
formation, solvation with change of rotation, change of temperature on 
solution, etc. They took 0-183 oi their N-benzenesulphonyl-8-nitro- 
imaphthylglycine in 25 c.c. of chloroform, and 0-221 g. (1-18 m.) of brucine 
in the same volume of chloroform and mixed the solutions, agiei changed 
from — 0-78® to — 0-22° [I ^ 4) at a temperature which rose from 0-7° 
to 1-5° during the experiment. That this change was due to the establish- 
ment of excess of the ^base <i-acid over the diastereoisomeric form was 
proved by taking a solution of 50 c.c. of chloroform containing the same 
weight of ^^^acid and 0*211 g. of brucine, leaving it to stand for three 
hours and then extracting it with ice-cold dilute sulphuric acid adding a 
little acetone to keep the acid in solution. The chloroform-acetone 
solution was dextro-rotatory, mutarotating almost- to zero at 1*2'^. 

Several of the observations of Pfeiffer and Quehl have been claimed 
as first-order transformations, although in no case is there any proof of 
the reality of the activation. Solutions of zinc j8-camphorsulphonate, 
zinc a-brOmo-TT-camphorsulphonate and zinc quinate change their rota- 
tions by very considerable amounts when (optically inactive) a-phen- 
anthroline or a : a'-dipyridyl is added ; the authors attribute this to the 
preferential formation of one of the two possible mirror-image zinc octa- 
hedral complexes. When it is considered that the salt [Zn(phen)3] Xj 
must be completely ionised in solution, i.e., the complex to be activated 
is entirely separated from the transforming agent, this seems to be a most 
striking result. But if their explanation is correct, a more remarkable 
example is the following : to an aqueous solution of cinchonine hydro- 
chloride and zinc sulphate having a rotation of -}- 5-29°, 3 m. of a-phen- 
anthroline was added. The rotation immediately became — 1-89° and 
changed on standing to — 2*46®, A similar observation was made using 
strychnine sulphate in place of the cinchonine hydrochloride, including 
the final mutarotation. If this really is a case of asymmetric transforma- 

J. Chem, Soc,, 1934, 347. 34 1941, 257. 

^^Benchte, 1932, 65, 560 ; 1933, 4I5- 
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tioii, it is unique that the labile asymmetric cation is being influenced by 
another cation which is presumably in no way attached to it. Removal 
ol the cinchonine by precipitation with alkali left an optically inactive 
zinc salt. An alternative explanation in these cases is that the zinc in 
solution is originally combined with the alkaloid which is 'progressively 
displaced by the phenanthroline, accompanied by mutarotation. There 
are several other examples of this kind in the papers of Pfeifler and his 
co-workers. 

It is possible that a description of a case of flrst-order transformation 
lies in an observation in a paper by Stoughton and Adams on the stability 
of diphenyl compounds. Crystallisation of 2*75 g. of 2-fluoro-5-methyl- 
2'-nitro-6'-carboxydiphenyl (XXVI) and 3-94 g. of brucine from 150 c,c. 
of ethyl alcohol resulted in a first crop of salt l-'Bd-K . JHgO weighing 
5-1 g. : when dissolved in chloroform this substance had [a]^ — 3-2°, 
but the authors record that if the solution was made up at 0° the value of 
[a]p was + ^3*^ mutarotated to the value — 3-4°. Unless the tempera- 
ture coefflcient of rotation is very large it would appear therefore that 
-b 13° is nearer to that of the base c^-acid salt and that — 3*4'^ represents 
an equilibrium value which might of course be that of the partial racemate, 
but if it is not, stands for an asymmetric transformation. The authors 
were concerned with producing series of differently restricted diphenyl 
compounds and did not pursue this line of investigation. 


/ \ 
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> 

\CH, 



NOj MeO 
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Bri 


Btf >Br 




XXVI. 


C02H 

XXVII. 
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OMe 
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ioPh 

XXVIII. 




Although Yuan and Adams consider that the following evidence 
does not justify the diagnosis of first-order transformation, it merits a 
careful survey and inclusion here. Brucine in wet alcohol causes 2:5- 
dimethoxy-2'-nitrodiphenyl-6'-carboxylic acid (XXVII) to undergo second- 
order asymmetric transformation to the Z-base /-acid salt ; the earliest 
observed [a]i) in chloroform was — 167° ; mutarotation occurred to 
+ 3*2° in 100 minutes and the extrapolated value for the initial reading 
was — 180°. A solution of brucine and the racemic acid in equimolecular 
quantities in, chloroform had an initial of — 8*6° changingto +3-3° 
in 80 minutes. Yuan and Adams say “ this may have been due to slow- 
ness of salt formation in the organic solvent. It was not due to the fact 
that the mixture consisted of unequal quantities of /-/- and /-d-salts . . 
because precipitation from the solution with petroleum ether gave a 
salt which produced an inactive acid on decomposition with hydrochloric 
acid. Examining these results : if we assume that — 180° and — 8-6® 
are the specific rotations of the /-base /-acid and /-base z;//-acid respectively, 
the specific rotation due to combined /-acid is — (180 — 8*6)° = -- 171*4^- 
Mutarotation from /-base £//-acid to equilibrium takes place over 
— 8-6 3*3° = — 11-9°, this representing 11*9/171 -4 X 100, i.e. about 

7 % disproportionation. In other words the equilibrated solution may 
be assumed to contain 53*5 % of the /-base ^/-acid and 46*5 % of the /-base 
/-acid. It is little wonder that precipitation of this solution with petroleum 
ether, which would hardly be quantitative, produced either the partial 
racemate or a mixture of salts indistinguishable from it. 

Among other acids in a series which provided much good material 
for the study of the subject in general, N-benzoyl-4 : 6 : 4'-tribromodi- 
phenylamine-2-carboxylic acid (XXVIII) was the first to be investigated 
thoroughly. 21 With many other labile compounds it owes its optical 
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activity to restricted rotation witlxin the molecule and its optical in- 
stability to the fact that given sulHcient energy the molecule can pass 
through an intermediate flat stage to give the mirror image form. This 
acid underwent first-order asymmetric transformation in chloroform in 
the dextrb direction with nor-d-ifj-QphedTme and in the Isevo direction 
with cinchonidine. The latter change was investigated more fully: the 
cinchonidine <if-acid salt was prepared by a second-order transformation 
in acetone, and a mixture of 64 % base /-acid and 36 % base ci-acid salts 
by a crystallisation amounting to the first stage of resolution in the same 
solvent at “15°. Their ranges of mutarotation in chloroform and rates 
of approach to equilibrium are tabulated : — 




^5461° 

logioiuin.-i 

base /-acid 

— 105® 

- 44 * 5 ° 

0-0200 

base f/-acid 

-f- 194*^ (extrap.) 1 

- 44 * 5 ° 

0-02o6 

base ^//-acid 

- 40 - 4 '= 

- 44 * 5 ° 

(range too small 
for measurement) 


The measured velocity constant k of course represents the sum of the 
velocity constants of inversion, ka and ki, of the two diastereoisotners : 
their diherence is responsible for first-order asymmetric transformation. 
Assuming that dissociation in solution is negligible, 

ka _ concentration /-base /-acid at equilibrium 
ki concentration /-base ^/-acid at equilibrium 

and in this case, concentration being proportional to rotation, ka = 0-0105 
and hi = O'Oioi : the difference is very small, but it is, of course, real. 

The preparation of a diversity of acids in this series provided material 
for many more examples of first order transformation. N-benzoyl-2- 
methyl-diphenylamine-6-carboxylic acid (XXIX) showed mutarotation 
in presence of nor-d-ilj-ephedvine in chloroform containing 1/40 of ethyl 
alcohol by volume. N-benzoyl-2 : 2'-dimethyldiphenylamine-6-carboxylic 
acid (XXX) also mutarotated in presence of cinchonidine in the same 




CH, CH. 
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COPh 

XXXL 


COPh 
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solvent. The originally /-rotatory cinchonidine solution became im- 
mediately more /-rotatory on addition of the dl-SiCid and then mutarotated 
in the dextro direction. This observation disposes of any possibility of 
observed mutarotations being due to slowness of salt formation, which 
would cause mutarotation in the opposite direction. N-benzoyl-2 : 4- 
dichloro-diphenylamme-6-carboxylic acid (XXXI) showed mutarotation 
with noy-d-^-e^hBdTine in chloroform and with cinchonidine in chloroform 
containing 1/40 of ethyl alcohol by volume. This solution after equilibra- 
tion was extracted with mineral acid and gave a specimen of dextro- 
rotatory acid, establishing with certainty the assumed activation. N- 
benzoyl - 2 - methyl - 2' - chlorodiphenylamine - 6 - carboxylic acid (XXXII) 
showed mutarotation with quinidine and with brucine in the same chloro- 
form-alcohol solution. The behaviour of Mills and Elliott's N-benzene- 
sulphonyl-8-nitro-i-naphthylglycine with cinchonidine in chloroform was 
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examined : the cinchonidine ^salt mntarotated from — 255-5° 'to 

— 87-3°, -while the rotation of the cinchonidine dl-SBit went from — 35-5° 
to —87*3°. This represents an equilibrium composition of 38 % /-base 
^-acid and 62 % of ^base iJ-acid. 


The kinetic experiments on simple optical activation yvere completed 
by showing that the rate of approach to equi- 
librium was the same starting from base 7-acid , CMegOH 

and from base c^^acid, a result which was, of > \ 

course, predictable, but which depended for de- y y 

monstration on finding a large enough range ^ y ^ ^ 

of mutarotation starting with the d/-acid. The COgH 

brucine salt of J •“ 2' - ( a - hydroxyisopropyl)- XXXIII 

diphenyl - 2 r carboxylic acid (XXXIII), obtained 

by second-order asymmetric transformation from ethyl alcohol, muta- 
rotates from - 47-04° to +1-46° with a first-order velocity 


COgH 

XXXIII. 


constant (logio hours-^) = 0-0277 in chloroform (c == 6-835 ; ^ = 2) 

the first reading made 20 minutes after wetting. A nadxture of the ^/-acid 
and brucine in equimolecular proportions in chloroform shows a change 
of rotation from — 5-08° to + 1-90°, the change following the 


first-order law with a velocity constant of — 0-0280 (log^o hours'-^), 

sufficiently good agreement with that of the salt to show that the same 


process is under observation. The equilibrium composition in chloroform 
calculated from these figures is 58 % of the £?-acid salt and 42 % of the 
/-acid salt, assuming no dissociation. 


First-Order Transformation, Second-Order Transformation 
and Resolution. 

It now becomes interesting to investigate the relation between the 
two kinds of asymmetric transformation of an optically labile substance 
and the boundary between the second and optical resolution. An im- 
mediate difficulty is presented in the rarity of known substances which 
will undergo the three or even two of the three processes in or from the 
same solvent. 

The first two effects have been demonstrated with 2'-(a-hydroxy- 
/sopropyl)-diphenyl-2-carboxylic acid and brucine in chloroform but not 
both at the same temperature.^® The relevant observations were as fol- 
lows : the equilibrium composition of the brucine salt in chloroform is 
58 % of the base </-acid and 42 % of the base /-acid ; when such a solution 
is evaporated on a boiling water bath with constant stirring to induce 
crystallisation as soon as it is possible, base /-acid crystallises. If we 
make the assumption that the equilibrium composition is not sensibly 
altered between room temperature and 100° (compare the case of a- and 
jS-glucose, ratio of concentrations in solution unaltered between 0° and 40° 
it follows that the base </-acid is more stable in solution while the base 
/-acid has the greater tendency to come out of it, i,e. is less soluble. 

In the class of second-order transformations involving crystallisation 
of diastereoisomers which are ionised in solution so that the labile centre 
is not in combination with the activating agent until crystallisation takes 
place, the diastereoisomers have no joint reality in solution and, as has 
already been pointed out, there can be no first-order transformation. 
That is to say, if one diastereoisomeric salt is dissolved in a solvent in 
which the acid part is labile, mutarotation takes place towards an equi- 
librium composition which is that of the partial racemate : the rate con- 
stant k for the approach to equilibrium from base ^/-acid or base /-acid 
is made up of ks, and ki, the rates of partial inversion of base (/-acid and 
base Z-acid, where these are equal and their sum is what has long been 
referred to as the rate of partial racemisation. 

Moelwyn Hughes, Kinetics of Reactions in Solution, 1933 edn., p. 45. 
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Let us consider a hypothetical case in which a t^^acid (optically un- 
stable) and a iJ-base (optically stable) are dissolved in a wow-dissociating 
solvent : the diastereoisomers have different free energies and muta- 
rotation therefore begins immediately towards an equilibrium, say to 

miA ^ IBdA. 

70 % 30 % 


Neglecting all the complicating possibilities of supersaturation, accidental 
inoculation, crystallisation of a different entity from those existing in 
solution (e,g. with solvent, if the solvent is not similarly attached in 
solution) or the separation of a crystalline partial racemate, if, then, the 
solution becomes saturated by evaporation of the solvent it will begin 
to deposit crystals : and if the rate of crystallisation is less than the rate 
of mutarotation, then all of the salt which conies out will be in the one 
IBdA form, and the solution from which it is crystallising will show the 
equilibrium specific rotation. But suppose on the other hand, that the 
equilibrated solution is taken and cooled quickly to a temperature which 
bfings it well below the saturation point of both salts and at which rate of 
crystallisation is faster than rate of mutarotation, then the material 
crystallising might well be mainly base ^acid with some base (f-acid. 
The third possibility in crystallisation phenomena is that a solution of 
the base c?/-acid is cooled immediately after dissolving to a temperature 
below which mutarotation can occur at an effective speed, when of course, 
given the usual necessary solubility conditions a straightforward resolu- 
tion can be carried out and base (f-acid and base Z-acid separated by 
fractional crystallisation. 

This is a simplified picture, but it has proved interesting to examine 
the scant and scattered literature on the subject with it in mind in an 
attempt to correlate the several valuable but unrelated observations on 
optical activation.'' 


m + dlA 
dissolved 

at moment of jlBlA ^ /B£i!A\ 

solution )50 % 50 %J 

by First-Order 
Transformation 


-1^ 


Mb/a 


I 

ki 


70 % 


/B(/A| 
30 % I 


in solution 


cool to temp, at which 
ha + h is very small. 


\50%f + 


flBdA\ 

\50%f 


by Resolution 


quick complete crystallisation of 
supersaturated sohition or pre- 
precipitation I 


r^BZA + IBdA ^ 

■ 70 % 30 % [ 

I solid, mixed j 


slow cry.stallisation 


I 

f IBdA \ 

1 1 00 % I 

by Second-order 
Transformation 


Sometimes the difference in free energy is so slight that one form 
or the other may crystallise haphazard without apparent difference in 
experimental procedure : thus Mills and Bain ® found that in crystallis- 
ing the quinine salt of their oximinocyc^ohexane-4-carboxylic acid from 
ethyl acetate sometimes there was a preponderance of the i^-acid and 
sometimes of the ^acid in the salt produced. They obtained their purest 
(optically) specimen of quinine Z-acid salt by deliberately choosing a solvent, 
dilute acetic acid, which would secure that the rate of racemisation should 
be as high as possible compared with that of crystallisation. 
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Although Read and McMath ® in their two papers describe several 
experiments which bear an apparent relation to this argument, closer 
scrutiny shows that interpretation is far from simple because of the large 
number of solvents, both pure and mixed, which they used. For example,, 
their classic first-order transformation to an equilibrium of /B/A 81 % ^ 
19 % was carried out in specially purified and dried acetone, while 
the second-order transformation took place from acetone-methyl alcohol ; 
also, the second crystalline form which can be obtained is not the dia- 
stereoisomer but the partial racemate IBdlA. Another somewhat complica- 
ting factor in the use of the results for an argument other than that for 
which they were employed by the authors>, is the fact that ^hydroxy- 
hydrindamine as the benezenesulphonate itself shows a certain amoutit of 
mutarotation in methyl alcohol — in methyl alcohol changes from 
— 100° to — 76° in eight hours — and that the salt ZB/ A is so little soluble 
in '' ordinary '' acetone that by the time it can be got into solution by 
heating its mutarotation is lost. This makes it impossible to bring into 
line with any certainty the interesting observation that evaporation of 
an acetone solution deposits crystals having [M]-^ — 93° mutarotating 
in acetone to — 154*^: evaporation to crystallisation and redissolving 
giving a repetition of the optical cycle. In their second paper ® the cry- 
stallisation of Z-hydroxyhydrindamine chlorobromoacetate was carried 
out in two ways from chloroform solution containing a little methyl 
alcohol. Slow deposition in the cold gave the ZB^:ZZA, while rapid cooling 
of a supersaturated solution gave crystals of ZB^ZA, but after about an 
hour, i,e, when the solution was cool, IBdlA began to separate on top of the 
original crystals. 

McKenzie and Smith,®® during the resolntion of Z-menthyl iZ-phenyl- 
chloroacetate by crystallisation from rectified spirit found, as a result of 
experience of many crystallisations, that the Z-nienthyl ^-acid salt was 
the less soluble of the pair of diastereoisomers : this can now be linked 
with the fact that the equilibrium state in ethyl alcohol consists of an excess 
of the Z-menthyl Z-acid salt, if it be assumed that the small concentration 
of potassium hydroxide added has no appreciable effect on the system 
other than to confer the necessary mobility for the attainment of equilib- 
rium. There is evidence for parallel behaviour in Z-menthyl (ZZ-phenyl- 
bromoacetate. 

The behaviour of R-benzoyl-2 : 4 : 4'-tribromodiphenylamine-6-car- 
boxylic acid with cinchonidine in acetone provides examples of both 
second-order transformation and resolution and illustrates the distinction 


between them.^^ The cZZ-acid dissolved with an equivalent of cinchonidine 
in acetone at room temperature or at the boiling point deposits ZBtsZA in 
almost quantitative yield. Having found values of the velocity constant 
of mutarotation of this salt at different temperatures and thereby the 
values of B and E in the Arrhenius equation k = Be— calculation shows 
that resolution might be possible at — 15° owing to the smallness of k 
there. Accordingly i m. of fZZ-acid and i m. of cinchonidine were dis- 
solved in warm acetone and, as soon as crystallisation began, cooled to 
— 15°. The ZBcZA crystallised out, almost exactly 50 % of the total weighty 


and evaporation of the filtrate in vacuo while 
still cold gave a mixture of 64 % of ZBZA and 
36 % of IBdA. 

Another general view of the relation of 
second-order transformation and resolution 
can be made by considering a series of com- 
pounds in which the relative optical stability 


NOg X 



XXXIV. 


can be predicted to vary progressively : for 

example, Kuhn and Albrecht*s series of dinitrodiphenic acids, or the 
set of 2'-substituted (XXXIV) 2-nitro-5'-methyldiphenyl-6-carboxylic 
acids of Stoughton and Adams, where the 2^ position carries Br, Cl 
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or F, with brucine in ethyl alcohol. When X is Br or Cl the crystallisation 
process at x'oom temperature is one of resolution, early crops having 
negative rotations and later crops positive ; when X is the smaller F atom 
crystallisation takes place with second-order transformation, all crops 
having the same rotation ; and an apparent first-order transformation 
has been observed, but not in the same solvent. 


The Effect on First-Order Transformation Equilibria of 
Adding an Excess of the Labile Acid. 


The eq^uilibrium rotation of a i : i acid : base solution (equivalent 
quantities) in a non-ionising solvent (optically unstable acid, optically 
stable base) has been found to be extremely sensitive to an excess of 
the dl-acid in several cases, an ehect which is not due to suppression of 
dissociation in the diastereoisometric salts. N-benzoyl-2-methyi-2''- 
chlorodiphenylamine-6-carboxylic acid and quinidine in chloroform 
containing 1/40^ ethyl alcohol by volume affords a good example. 


0-1620 g. of quinidine 
in 20 c.c, of the solvent, 
/ 2, had a rotation 

of -I- 4*8°. When i M, 
of the dl-acid was added 
the rotation changed 
immediately . to +4-35°, 
and on standing muta- 
rotated to + 2*99'^ ; with 



COPh 
Fig, 2, 



12 M, of acid the original of + 4*30° changed to + 3-32'^; with 3 m. 
+ 4' 32° changed to + 3 ‘67°. The tbtal result is clearly seen on the 



graph (Fig. 2). The rate 
of approach to equilibrium 
increased with increase in 
concentration of acid. De- 
composition with mineral 
acid of equilibrated solu- 
tions always gave the /-acid. 

Many other examples of 
this type of behaviour were 
found : in some cases the 
curve for mutarotated solu- 
tions lay to. the other side 
of the original curve, e.g. 
N-benzoyl-2 : 4-dichlorodi- 
phenylamine - 6 - carboxylic 
acid with nor-d- ip^ephedxine 
in chloroform, the final 
rotation was nearer to that 


of the base than the 


3 - original value (Fig. 3). Also 

it can be seen that the 
initial curve is not always of the ideal type shown in the first example : 
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in a case such as this one it is considered to contain all the extraneous 
effects contributing to change of rotation (such as concentration) while 
the difference between the initial and final curves can only be due to an 
optical activation effect. 

The cases which were most fascinating were those in which the initial 
and final curves crossed over. This happened with 


(i) 


/\ CH. 




CO2H 
COPh 


and nov-d-rff-ephedvinQ 
in chloroform 

Fig. 4. 




(2) 


CH,/\ 


COPh 


and cinchonidine in 
chloroform/EtOH 

Fig. 5. 


< 3 ) 




Cli 


Cl 


COPh 


and cinchonidine in 
chloroform /EtOH 

Fig. 6. 
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Decomposition ol equilibrated solutions demonstrated the reality of the* 
transformations underlying these mutarotations : in example (3), for 
instance (Fig. 6), extraction with mineral acid of the solutions after 
mntarotation showed that at the i : i ratio d- and at the 3 : i ratio /-acid 
was present (either free or combined as salt) in excess. In the fourth 
example similar decomposition gave acids which, from the i : i and 2 : i 
mixtures, were /-rotatory, from the 3 : i inactive and from the 4:1 d- 
rotatory. In effect, both forms of an active acid (not, of course, optically 
pure) were otJtained without ever separating a salt — extracted directly 
from solutions in the same solvent in which optical activations had taken 
place in opposite directions. 


The Addition Curve Technique and Extremely Labile 
Optically Active Compounds. 

This addition curve method has been used to predict potential 
optical activity where there was no other indication of it at room tem- 
perature.®^ The series of related acids in which rotation blocking with 


CO2H COgH 

Cl/\ V 


COjH 

CH/'''- /\ 


CO,H 


I 

COPh 

A 




COPh 


B 


"''AnA/ \/\n/'v 

I I 

COPh COPh 

C D 


consequent asymmetry might be expected to operate, show none of the 
hitherto established phenomena relating to optical isomerism at ordinary 
temperatures. However, the curves in the diagram (Fig. 8) were obtained 
on adding the acids progressively to ^^or-cZ-^-ephedrine in chloroform : 
no mntarotation was observed during the experiments^ — there are no 
initial '' curves— the “ final curve is obtained immediately. Thus 
it appeared that it was worth while to look further for activity in acids 
A, B and C, and not in acid D : that is an interesting first differentiation 
for a start, for it is what might have been predicted from their structures. 
Working at — 31^ it was possible to detect a mntarotation with acid C 
and ^or-ti^-^-ephedrine, acid : base ratio roughly 4:1, as^ei changed from 
— 4-03° to 4-^ 2*15^^, half-life period 2*4 minutes. Acid B niutarotated 
more quickly in the same circumstances : each process followed the first 
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order law. Acid A, on the contrary^ showed no such mutarotation, but 
it would hardly be stretching a point to say, as within the series, that its 
optical activity is demonstrated by the addition curve. 

This brief description shows 
that with discreet hairdling the 
'' addition curve '' techtiique, far 
from " obscuring its interpreta- 
tion and lessening its value as a 
means of demonstrating optical 
.activity in labile systems ' ' 

(Mills extends the held of 
optical observation covered by 
the activation process into realms 
which were hitherto unattainable. 

The only occasions on which it 
could affect the diagnostic value 
of the activation process " as 
already outlined previous to this 
time would be those on which 
non-equivalent quantities of base 
-and acid were taken and happened 
by chance to lie on the point 
where the initial and hnal curves 
crossed over : risk of this mis- 
take can easily be eliminated by 

.always looking for mutarotation at more than one acid : base ratio. 



Asymmetric Transformatioa and the Sugar Series. 

In the light of this collected information on hrst-and second-order 
asymmetric transformations it is of the utmost interest to re-examine 
some well-established data in the sugar series which might be relevant to 
the subject. 


1. d -Glucose. 

d- Glucose exists in solution in two forms, a- and p-d-glucose. Any 
•other forms must be present in negligible quantity.^® These forms are 

interconvertible by inversion of the 


CH,pH 


a-fZ-glucose. 


CH,PH _ carbon atom marked with an asterisk 
and this is the only carbon atom 
whose configuration is not rigidly 
fixed. Therefore the whole mole- 
(-flJ-glucose. cule can be considered as if it were 
one of a pair of diastereoisomers with 


n OH 

* 


one labile and one stable component, the a-carbon atom being the unstable 
and the rest of the molecule the stable part : the diastereoisomers are, of 
course, '' real '' as long as the sugar is in the ring form. The optically 
stable part will exert an asymmetric influence on the unstable part, but 
it will be impossible to remove the influential group and see the results 
of first- or second-order transformation in the remainder. 

[a) d-Glucose in Water. The composition of a mixture of the two 
forms of fl^-glucose in water at equilibrium has long been calculated from 
the rotations of the two forms and of their equilibrium solution : some of 
the latest published figures are those of Kendrew and Moelwyn Hughes, 


Mills, The Stereochemistry of Labile Compounds," Presidential Address, 
J. Chem, Soc., 1943, 194- t- j j t 

Andrews and Worley, J . Phys. Chem., 1927; 1880 ; Ivendrew ana Moeiwyn 

Hughes, Pyoc. Roy, Soc., A, 1940, 353 - 
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who incorporate some values from Hudson and Yanovsky ; these are* 
for water solutions : — 

a-^?■-glucose equilibrium jS-c^-glucose 

[“35893' + + 52*56° + 19‘7^ at 20°. 

The equilibrium composition, assuming dissociation from the ring form 
to be negligible, is 64 % and 36 % a-form. This equilibrium appears 
to be unaffected by temperature between 0° and 40°.^® When d-glucose 
is crystallised from cold water oc-i-glucose , HgO is always obtained/® 
while crystallising from water between 35° and 40° gives the anhydrous 
form, again of oc-glucose.*i It therefore crystallises out from a solution 
containing excess of the j8-fonn. Crystals of the j3-form cannot be ob- 
tained by such gentle methods ; Tanret obtained it by long standing of 
the a-form at 105°, and Whistler aiad Buchanan obtained it by taking 
a-n 85 % glucose solution and evaporating it during two hours (in 50 g. 
quantities) in vacuo at 100° to a solid mass of crystals consisting of 
glucose. (There are various other methods of affecting second-order 
transformation ” to a- or to j8-i^-glucose : thus Hudson and Dale/® recom- 
mend a cold crystallisation from aqueous acetic acid resulting in 75 % to 
80 % pure anhydrous a-glucose and a hot quick crystallisation giving 
93 % of ^-glucose : these workers also recognised that the velocity con- 
stant for approach to equilibrium h was the sum ka. and and therefore 
the same from whichever side the measurement started/* c?~Glucose is 
too soluble in water for the relative solubilities of the a- and j3-forms to 
be measured directly, but general practice would certainly lead one to the 
view that the a-form is the less soluble. 

(h) rf- Glucose in 80 % Ethyl Alcohol. Hudson and Yanovsky give the 
following values : — 

[“K”" Jlglucose + + 59-3“ 

there is therefore an excess of the j 3 -form in solution at equilibrium. The 
solubilities found directly were 2*0 g. a-form in too ex., 4-9 g. jS-form in 
too cx. ; the a-form is the one crystallising, but as the hydrate. 

(c) df- Glucose in Absolute Methyl Alcohol. Andrews and Worley 
give the following values : — 

JIgiucose + jeq'iilibrium + 75-8“ 

there is therefore excess of the jS-compound at equilibrium. Lowry ** , 
obtained crystals of the a-form from methyl alcohol. He also showed, 
that the solubilities in this solvent were small and did not interfere with 
each other, and in this and a paper by Hudson and Dale it is shown to be 
justifiable to use the relationship 

K ~ equilibrium const. = — IT. 

k0 Sol * 

where Sa is the initial solubility of the a-form and Soo the solubility at 
equilibrium, to calculate the rotation of the as’ then unknown j3-compounds.. 


2. d-Mannose. 

{a) d-Mannose in Water. Hudson and Yanovsky using the solu- 
bility-rotation relatioiislup calculated that the specific rotation of the 

J. Amer. Chem. Soc,, 1917, 39, 1013. 

Tanret, Compt. rend., 1S95, 120, 1061. 

Behr, Berichte, 1882, 15, 1x04 ; see also Newkirk, Ini. Eng. Chem,, 1028 

c Bid Chem.. 19 ^ 8 , As, S57. 

/. Am&y. Cham. Soc., 1917, 39, 320. 

** See also Lowry, J. Chem, Soc., 1904, 85, 1551. 
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then unknown a-mannose was -f 30®, knowing that the specific rotation 
of j 3 -(i-inannose was — 17°, and that that of the equilibrated 
solution in water was 4 - 14*6°. Six years later Levene prepared a- 
mannose and confirmed their prediction. There is thus excess of the 
a-form at equilibrium, the opposite from the i-glucose equilibrium. 
While ^f-mannose has not been crystallised from water, it is worthy of 
note that Levene says : under conditions when glucose and galactose 
appear in the j0-form, mannose crystallises in the a-form and vice versci,*' 
quoting three cases to support this statement. 

(h) d“Mannose in 80 % Ethyl Alcohol. In this solvent also the a-form 
is present at equilibrium in excess ; j3-form — 14-9°, equilibrium 

4 257°, a-form 4 35° (predicted by Hudson and Yanovsky and ob- 
served by Levene). The j 3 -form is stable under this solvent. 

3. Lactose and Galactose. 

A similar relationship holds for these sugars in water, in which the 
jS-forni is in excess at equilibrium and the a-form crystallises out, but as 
the hydrate. 

This short discussion is sufficient to show that the study of asymmetric 
transformation is in its infancy ; no doubt there are many more examples 
as yet uncollected and a wealth yet to be discovered as the technique 
for exploring the phenomena of unstable optical activity becomes finer. 
Compounds which owe their asymmetry to restricted rotation are, highly 
suitable for the study of optical kinetics, their lability being free from 
disturbing influences which may complicate other forms of instability; 
they are not known to occur in nature, but what is predicted from the 
simple system may be applied with proper discretion to the more com- 
plicated. It seems likely that instances of disturbed optical equilibria 
as well as the second-order transformations may play an important part 
in the building up of the asymmetric molecules which are characteristic 
of living matter, 

The author wishes to record her indebtedness to Professor E. E. 
Turner, F.R.S., in whose laboratory the foregoing discussion has largely 
developed. 

Bedford College^ 

London, 


J. Biol. Chem., 1932, 329. 

Tanret, Bull. Soc, Chim. 1871 (iii), 15, 195. 



A NEW GENERAL EQUATION FOR THE LIQUID- 
VAPOUR RELATIONS OF BINARY SYSTEMS.’^^ 

PART L 

THEORETICAL AND EXPERIMENTAL BASIS, 

By A. M. Clam. 

Received 2yd February, 1945. 

The equilibrium between liquid and vapour in systems containing 
two or more volatile components is of particular interest in the theory 
and practice of fractional distillation. The most convenient and simple 
relation between liquid and vapour compositions is that expressed by 
Raoult’s Law : 

pi == PlCi 

in which is the partial pressure of a component in the vapour phase 
in equilibrium with its solution at a molar concentration Ci and is the 

LIST OF SYMBOLS.’^ 

In the choice of symbols every effort has been made to be consistent, to 
avoid duplication, and where possible, to follow precedent, but these separate 
ideals are not fully compatible. In order to assist the reader, each symbol has 
been defined on its introduction into the text, and it is not therefore necessary 
to consult the fallowing list in order to follow the argument. 

A Constant term in Van Laar Equation. 

B Constant term in Van Laar Equation. 

H The amount of heat transferred between the liquid and vapour phases 
in accomplishing a given enrichment. 

K (with no subscript) Ratio of molar latent heats of two components, with 
that of less volatile as numerator, i,e. K = QJQi. 

K (with subscript) Kq = overall mass transfer coefficient on a gas composition 
basis. 

L The height of a packed column required to perform a given enrichment. 
N With no subscript, indicates the number of theoretical plates required 
to perform a given separation. With a subscript, N indicates a number 
of transfer units. 

P Vapour pressure of a pure component. 

Q Molar latent heat of a pure component. 

The gas constant. 

5 Entropy. 

T Temperature on the absolute scale. 

X, y Ratio of molar concentrations of the components of a binary mixture 
in the liquid and vapour phases respectively. Subscript '' L " attached 
to these symbols indicates that the ratios are measured in terms of units 
of equal latent heat. 

a Defined by = dY/dX when the equilibrium of a binary system is 
expressed by the equation Y = nX -j- 6. 
b The constant term in the equilibrium equation Y = aX + 
c Molar concentration of a component in the liquid phase. 
d The intercept on the Y axis of the asymptote to the X Y curve derived 
from the Van Laar relation. 

k (with no subscript) The constant term in the equation y = mx p k defining 
the operating line of a distillation system under finite reflux. 
k (with subscript G or L) Indicates mass transfer coefficients for gas and liquid 
films respectively. 

m The slope of the operating line for a given distillation, when I'epresented 

by the equation y = nun + h. Also defined by m ~ 

, , ~h I 

w The number of mols. of liquid passing through a system in unit time. 
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vapour pres$ure of the pure component at the same temperature. WTien 
the system contains two volatile components Raoult's Law gives the 
relation : 



p (with subscript) Partial pressure of a component in the vapour phase (Ats.). 
p (without subscript) Value of y at point of intersection of equilibrium and 
operating lines on x — y diagram, 

q Value of x at point of intersection of equilibrium and operating lines 

on X — y diagram. 

Y The common ratio in a geometrical series. 

5 A term in a geometrical series. 

X Molar concentration of more volatile component in the liquid phase. 
y Molar concentration of more volatile component in the vapour phase, 

oc Ratio of the vapour pressures of the pure components of a binary system, 

i,e. a = Pi/Po* 

y The activity coefficient of a component. 

8 Constant term when equilibrium equation is expressed in the " derived 

form (j, ~ r. 

A Constant term when operating equation is expressed in the form 4- ct. 

^ Gibbs' chemical potential. 

p " Reflux ratio " in a distillation system. 

a Constant term when operating equation is expressed in the form ^ = Ax -r cr. 

T Constant term when equilibrium equation is expressed in the “ derived " 

form ^ = 8;^ + T. 

Ihxnctions of composition of vapour phase defined by : 


X x' 

n 

s 


and 


p -y y -P 

Functions of composition of liquid phase defined by : 


q - X 


and x' — ■ 


■ X -i- q 


X — q 


Total vapour pressure of a system. 
The sum of a series. 


Subscripts. 

I, 2 Attached to P, Q, p and c (and to a: and y in Part I. only) denote proper- 
ties of the separate components of a binary system. 

Attached to s, indicate consecutive steps in a geometrical series. 
Attached to x, y, X and Y, indicate limiting values of these functions 
under given conditions (Part IL only). 

(These separate uses are made clear in the context.) 

e The base of Naperian Logarithms. 

OG Attached to N, indicates the number of overall transfer units based on 
changes in gas composition required to perform a given enrichment, 

G Refers to the gas phase. 

H Indicates that composition is expressed in lolar units. 

L Refers to the liquid phase. Also used to indicate units of equal latent 

heat. 

M Attached to N, indicates the number of mass transfer units required 
to perform a given enrichment. 

MT Attached to N. indicates the number of mass transfer units required to 
perform a given enrichment at total reflux. 

Superscripts . 

'' Indicates that the quantity under discussion refers to that part of the 

system in which the less volatile component is dominant, e.g. the region 
of the x-y diagram below the conjugate point. 

* Signifies that the quantity thus marked refers to the equUibriiim line 

as distinct from the operating line, e.g. y* indicates the composition of 
the vapour phase in equilibrium with a liquid of composition x, when 
y is the composition of the vapour phase in contact with liquid of com- 
position X. 

Abbreviation. 

(H.T.'U.) = " Height of a transfer unit." 
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ill which y and are the molar concentrations of the more volatile com' 
poneiit in the vapour and liquid phases respectively. If the vapour 
pressures of the pure components (Pi and P.^) are known, this equation 
enables the relative liquid and vapour compositions of the syvSteni to be 
determined, either at constant temperature or at constant pressure. In 
the former case is constant, but in the latter case, which is the 

more important in distillation, as that process is usually carried out at 
constant pressure, it becomes a variable, since by the Clausius-Clapeyron 
approximation, 

cUoge(pi)^ = 

in which AQ is the difference between the molar heats of vaporisation of 
the components. 

When the molar heats of vaporisation of the components are ap- 
proximately equal, it is possible to assume a constant value for the 
relative volatility'’ PilP%, even at constant pressure. When this is 
permissible, fairly simple mathematical relations can be developed, which 
enable the behaviour of the system on fractional distillation to be ex- 
pressed ill terms of “ theoretical plates,” ” transfer units,” or other 
theoretical devices. In default of any simple relation between the com- 
positions of the two phases, the behaviour of the system under any imposed 
conditions of distillation must be evaluated by graphical methods, which 
are frequently more tedious, and are not readily adaptable to the theoretical 
study of distillation. 

Unfortunately very few systems rigidly obey Raoult's Law, and still 
fewer .fulfil the 'condition of constant relative volatility, and the mathe- 
matical analysis of distillation behaviour is therefore severely restricted. 
The law itself implies that the behaviour of a molecule of either com- 
ponent is independent of its environment, and this condition can only be 
realised in practice if the components of the system obey the same equation 
of state. If the Theory of Corresponding States is also to be satisfied, 
it is to be expected that Raoult’s Law will be obeyed, even approximately, 
only by systems in which the components are adjacent members of the 
same homologous series, or have closely similar critical constants. In 
general, this is found to be the case, 

A number of attempts have been made to describe the behaviour of 
systems which deviate from Raoult’s Law in terms of general equations 
based on thermodynamic relations and depending upon a general equa- 
tion of state. 

The exact thermodynamic relation describing a phase in ec[uilibrium 
within itself was formulated by Gibbs : 

— SdT + VdTT — 0 

1 

in which %is the number of molecules of component (i) in the phase and 
(Li is the chemical potential of that component. The condition for 
equilibrium between two phases is that both shall be at the same tem- 
perature and pressure and that (j. for each component shall be the same in 
each phase. 

For a vapour phase which is a perfect gas, at fixed temperature, 
djLii = RTd loge 

The equation for i mol. of a liquid phase of two components at constant 
temperature may be written : 

Uiiq.dTT = Xid^i -f TTad/Xg. 

If this phase is in equilibrium with a vapour phase dfXi and dfi^ are same 
in each, and by substitution we. obtain : 

Uiiq, dTT = RT{Xi d loge pi + Xo^d log^p^). 
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For RT we may write -n-Fvftp. in which Fvap. is the molar volume of the 
vapour phase. By re-arrangement ; 

d-TT 

. — = A'ld log, log, p,. 

At ordinary pressures, the ratio of the molar volumes of the two 

x’-ap. 

phases is very small, and the left-hand side of this equation may be equated 
to zero without serious error. We then obtain as the condition of 
equilibrium at constant temperature : 

;rid logo -pi -f x\d logo == o. 

This is a derivative of the Gibbs equation attributed to Duhem and 
Margules, Alternatively the relation between liquid and vapour com- 
positions may be exprcvSsed in terms of activity coefficients, y, using the 
definition 

p = 7TyX 

in which y appears as a correction factor in the statement of Raoult's 
Law. By differentiation and substitution for d logo p the Gibbs-Luhem 
equation is readily obtained in the form : 

d logo 72 ^'1 ‘ ‘ - 

A number of attempts have been made to integrate this equation on 
the basis of a general equation of state. Among the useful results obtained 
may be mentioned those of Van Laar,i Margules,^ and Scatchard and 
Hamer, These have been reviewed and compared by Carlson and 
Colburn.-^ In all these attempts the object has been to derive separate 
equations for the activity coefficients of the two’ components, which can 
then be used, in conjunction with their vapour pressures in the pure state, 
to determine the relations between the two phases. In using these equa- 
tions at constant pressure, and consequently with varying temperature, 
it must be assumed that the activity coefficient varies to a negligible extent 
with temperature over the range extending between the boiling points 
of the t\vo components. , If the behaviour of the system is to be com- 
pletely defined l:>y these methods with respect to temperature, pressure 
and composition, it is nece.ssary to make use of further approximating 
assumptions, and tlie equations wdnich are finally obtained give only an 
indirect relation between the compositions of the two phases, which is 
the most important property of the system in the study of fractional 
distillation. 

If we define the l,)ohaviour of the system by the modified expression 
of Raonlt’s Law, the tw'o partial equations may be combined to give : 

Pt/ys “ Ri/Pn ■ ViM • A-J-Va. . . • (3) 

This expression relates the composition of the two phases in terms only 
of the ratios of the activity coefficients of the two components and of their 
vapour pressures in the pure .state. It is sufficient, therefore, to know 
only the relative rather than the absolute values of the activity coefficients 
in order to express composition relations. It is to be anticipated that 
simpler relations will exist between the ratio of the activity coefficients, 
and composition of the phases, than those required to define their absolute 
values. 

^Van Laar, Physicalisch-Chemische Probleme. Also Z, physik. Chem., igro, 
73, 723 « 

-Margules, Sitzber, Ahad. Wiss, Wien. Math, natur, Klasse H, 1895, 104, 1243. 

® Scatchard and Hamer, J, Am. Chem. Soc., 1935, 57 » 1805. 

^ Carlson and Colburn, Ind. Eng. Chem., 1942, 34, 581, 
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The compositions of the two phases of a binary system may be ex- 
pressed in terms of molar ratios equally as well as by molar concentrations. 
The weight-ratio of high-boiling to low-boiling component has been 
extensively used by Hausbrand as the most convenient means of 
expressing composition in calculations concerning the distillation of 
binary systems, and liis booh contains a number of tables in which liquid 
and vapour compositions are related in these terms. 

If we define composition in terms of molar ratios X and Y, such that 

X = Xx/Xz and Y = y^/y^ 

in which {Xi -j- x^) and [y^ + both equal unity, we obtain the expression: 

Y=^PJP,:yrlr,.X ( 4 ) 

"When the system obeys Raoult's Law, ^ when the " relative 

volatility,'' PilP^, can be given a constant value denoted by a, the com- 
positions of the two phases are related by the very simple linear expression : 

y ocA. 

In this relation it is immaterial wliich component provides the denominator- 
in defining molar ratio. It is equally possible to express the behaviour- 
of the system by the reciprocal ratios ; 

y' = -X' 

a 

in which Z' == x^fx^ = i/AT and Y' = y^lyi = i/T. 

(For convenience, in this paper an apostrophe is used to signify relative 
values in which the more volatile component provides the denominator.) 

If the principle of using relative rather than absolute variants to 
express the behaviour of a binary system is extended to '"non-ideal"" 
systems, defined as those which deviate from Raoiilt's Law, it soon 
becomes evident that the relations in composition between the phases 
have been greatly simplified. (See Figs, i and 2 in which the liquid- 
vapour compositions of the systems Methanol-Water and Ethanol-Water 
.at atmospheric pressure are plotted in this manner.) It is found that 
the curve relating molar ratios shows no point of inflexion, such as fre- 
quently occurs in a plot based on the more conventional units of molar 
concentration. On the other hand, the curves for all systems appear to 
conform quite closely to a single general type. Near the origin they 
are concave towards one axis, but the curvature rapidly diminishes, and 
above certain values of the molar ratios the curves are to all intents and 
purposes rectilinear. 

Curves with similar characteristics are obtained, whichever form of 
the molar ratio is used, The occurrence of an azeotropic mixture is in- 
dicated by the intersection of either of the curves -with the line Y = X, 
but no change in direction occurs at this point. In this way the com- 
positions of the two phases can be related by either of two curves, depend- 
ing upon whether the compositions are expressed in terms of X and Y, 
or X' and Y'. As these are reciprocal properties it follows that high 
values on the [X, Y) curve correspond with low values on the {X', YO 
curve, and vice versa. The extreme rectilinear portion of either curve, 
thus corresponds with the initial concave portion of the other. If the 
rectilinear portion were sufficiently extensive in each case to correspond 
with the whole of the concave portion of the reciprocal curve, it would 
then be possible to use only the straight portion of each curve to relate 
liquid and vapour compositions over the whole system. Examination 
of the experimental results obtained by various investigators for a large 
number of different systems, has shown that this condition is satisfied 
with surprisingly high accuracy in the majority of cases, both at constant 
pressure and at constant temperature, and it therefore affords a simple 
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and convenient relation which is of considerable service in the application 
of mathematical methods to a study of fractional distillation. 



The principle wliich governs this procedure may be formally stated 
as an empirical rule : In a system of two volatile components containing 
one liquid and one vapour phase, either at constant pressure or at constant 
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temperature, the ratios of the quantities of the two components in either 
phase bear a simple linear relationship with one another when the ratios 
are expressed so that the dominant component in the system provides 
the numerator." The dominant component is not necessarily that which 
is present in the greater concentration, although at extreme concentrations 
tills is invariably the case. At intermediate concentrations the dominant 
component is determined by the behaviour of the system. The units of 
quantity are not defined, as it will be shown later that the relation is true 
not only for molar ratios but for the ratios in. any units of mass. 

In algebraic notation the rule states that the composition of the vapour 
in equilibrium with a given liquid in a binary system may be represented 
by one or other of the two equations : 

Y ^ aX . . . . (5a) 

and Y' = a'X' Y . , . . (56) 


in which aha'b' are constants, using whichever equation is appropriate 
to the region of the system under consideration. These equations may be 
translated back intp the more conventional terms of concentration by 
substituting : 



The two following equations in x and y are then obtained : 
(a) Tor high values of x 


y 




X — y 1 
{h) For low values of x 

1 ~ y _ a'{i — x) 

y ~ ^ 


+ 


[6a} 

m 


In order that the entire system may be continuously covered by these two 
equations, it is necessary that equations {6a) and (6&) should have a point 
of contact at some value of x between o and i*o. It is readily shown that 
tins condition is satisfied when 


± Vfla' ± V66' = I . . . . (7) 


and at the point of coincidence, which may be termed the conjugate 
point ” ■ 


AT = 




( 8 ) 


This relationship limits to three the number of parameters required to 
describe the behaviour of a system which falls completely within the rule, 
and with this knowledge it should be possible to predict the relative com- 
positions of liquid and vapour phases at any point in the system on the 
basis of three accurately determined experimental values, or four if the 
correlation of equation (7) be not employed. 

Experimental Basis. 

In the accompanying Table I calculated values for the composition 
of the vapour in equilibrium with a given liquid under stated conditions 
are compared with actual experimental values for ten different systems. 
The figures are tabulated as in most cases the plotted results do not show 
how small is the deviation between calculated and experimental values. 

The systems have been selected with a view to testing the linear rule 
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as stringently as possible. Witli two exceptions which are named in the 
notes on individual systems, actual experimental values- from a single, 
apparently reliable, source have been used in preference to data from 
collections, such as those in Perry ^ and Kirschbaum, « which have some- 
times been compiled by selection of results from a variety of sources. 
It has been found in a number of cases, that the use of “ smoothed ex- 
perimental results can introduce apparent anomalies which do not, in 
fact, exist. 

In calculating values of vapour composition by means of the linear 
equations, the experimental results for a particular system were first 
plotted with molar ratios in the two phases as co-ordinates, and the best 
straight line was drawn through each set of results, neglecting deviations 
at low numerical values. The procedure was repeated with molar ratios 
in the reciprocal form. From the two straight lines thus obtained values 
of the constants a, a' (the slopes of the straight lines), and V (their 
intercepts on the Y or Y' axes)' were determined. By substituting these 
values in equations (6a) and (6&) equations were obtained for the equili- 
brium curves in terms of molar concentration. Values for the vapour 
composition calculated from these equations for the given values of liquid 
composition are compared with the direct experimental results. In each 
case the value of the function Vaa' db V6&' is given as an indication of 
the continuity between the two equations; In the accompanying graphs 
(Graphs i-io)*** the calculated and experimental results are compared with 
molar concentrations as co-ordinates. Actual experimental points are 
indicated by circles. The broken lines indicate the course of the calculated 
curves when they are projected beyond the congruent point in the direction 
in which they become invalid. Calculations have been made with a 
lo-inch slide rule. Further explanatory notes on the individual systems 
are given below : 

System i. — Methanol-Water at 730-750 mm. Experimental results 
by Cornell and Montonna.’ 

System 2. Ethanol-Water at 730-750 mm, — Experimental results by 
Cornell and Montonna.’^ 

System 3. Ethanol-Water at 25° C. — Experimental results by Dobson.® 

There is a slight discrepancy between the experimental and calculated 
results at the lowest ethanol concentrations. The very steep slope of 
the x-y curve in this region would emphasise any slight experimental 
error, and accurate sampling of the vapour phase without disturbance 
of the liquid composition would be difficult for the same reason. The 
discrepancy may therefore be due to experimental error. 

System 4. n-Propanol-W ater at i At. — ^The experimental results are 
by Gadwa, as recorded in Perry,® but they appear to have been smoothed 
as they are not coincident with those plotted by Carlson and Colburn ^ 
from the same source. 

Apart from a slight discrepancy at the lowest propanol concentration 
for which the same explanation may be offered as in the case of System 3, 
there is very close agreement between the experimental and the calculated 
figures. Nevertheless, there is slight lack of continuity between the two 
parts of the equilibrium curve on either side of the conjugate point, shown 
by the deviation of the function Vaa' -j- V hb' from unity. As a result, 
the two parts of the curve have a point of intersection rather than a 
common tangent at the conjugate point. A possible explanation of this 
anomaly, provided it is real, is that the formation of a second liquid phase 

® Perry, Chemical Engineer's Handbook (2nd edn.), 1941, p. 1360, McGraw- 
Hill Book Co., U.S.A. 

® Kirschbaum, Desiillier-imd Rektifidertechnik Berlin, 1940 (Photo-Litho. 
Reproduction by Edwards Bros. Inc. Ann. Arbor, Michigan, i 943 )* • 

’Cornell and Montonna,. Eng. CAcw.,«ig33, 35, 1331. 

® Dobson, /. Chem. Soc,, 1925, 127, 2S66. * See pp. 731, 732. 
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At Conjugate Point : x — 0-27. 

Azeotrope : x (experimental) = 0-894, x (calculated) = 0-894. 

-f = i-ooo. 



System : Ethanol-Water (at 



At Conjugate Point : at = 
V aa' + Vhb' = 0-944. 



System : Water-«-Butanol (at i At.). 



At Conjugate Point x = 0‘ 5. V aa' -f Vbb' — i-o28. 

Azeotrope : x (experimental) = ca. 0*73, x (calcnJated) — 0-729. 



TABLE I [continued). 




Linear Equations . . Y* = 0-58 X' + 0*013 I ^ ^‘345 ^ "I" I’lo 
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is imminent at this point. This suggestion is emphasised by the behaviour 
of System 5. 

System 5, Water-n-Butanol at 1 At . — ^Experimental results by 
Stockhardt and Hull.® 



Molar CoNCeNTRATrow Of More Volatjle Componsst In L»qujd Phase (x) 
9 Stockhardt and Hull, Jnd. Eng. Chem., 1931 * ^438. 




Mdlar Concentration Op More. V^)latil£ Component Jn V^kPouR Phase (-y) 
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is imminent at this point. This suggestion is emphasised by the behaviour 
of System 5. 

System 5. W atev-n-Butanol at 1 At.-— Experimental results by 
Stockhardt and Hull.® 


‘ Comparison Of Experimental SoutLiBRiuivi Diagrams 
WithThose Calculated From Linear Equations. 


|Sy 5 TEM:METHANa-WATER At lAtlJ 


ISvsTEivi: Ethanol’Water At I At. I 


System: ErHANCL-WAm^s^Crii 


ISV 5 TEW:n-PfmN 0 b\\^T£Rftr I^T. I 



ISySTEMiU-BUTANOL-’V/ATER ftT IAr| 


5 Y£Pi:n€uwL-n-6aTYLtem 


Molar Concentration Of More Volatile Component In LifituiD Phase (oc) 
' Stockhardt and Hull, Ind. Bng. Chem., i 9 Z^> ^ 3 » 1438- 
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This system forms two liquid phases over the range of liquid com- 
position between == 0*58 and x = 0-98. The two parts of the equilibrium 
curve can be accurately expressed by linear equations, but the calculated 
curves have no common tangent [V aa' -f- Vbb' = 0*579). The equations 
do not define precisely the three-phase area, but it must obviously occur 
within the range in which the two calculated curves overlap. According 
to Carlson and Colburn ^ this system cannot be reconciled with any of 
the integrated forms of the Gibbs-Duhem equation. 

System 6. n-Butanol-n-Buiyl Acetate at x At — Experimental results 
by Brunjes and Furnas.^® 



lYlou^R CONCCNTR^T10N Of IYIore VoiATILE CoMPOtSENT 1 n LiqUID pH^SE (X*) 


System 7. Water-Formic Acid at i At. — Experimental results by 
Othmer.i^ There is good agreement between experimental and calculated 
values above the conjugate point, but there is a discrepancy at the lowest 
wa ter concentration and some lack of continuity between the two curves 
Waa' -b Vbb' ~ 0*91). As pointed out by Carlson and Colburn, formic 
acid is associated in the vapour phase, which therefore cannot behave as 
a perfect gas. The Van Laar equations, or other integrations of the 
Gibbs-Duhem equation which depend on this assumption cannot there- 
fore be expected to apply to this system. The experimental data below 
the conjugate point are too scanty to decide whether the linear rule is 

Bruujes and Furnas, ibid., 1935, 27, 396. 

Othmer, ibid. (Anal), 1932, Ed, 4, 232. 
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also invalid, or whether the experimental results themselves are at fault. 
This system deserves further experimental study. 

System 8. Watey-Acetic Acid, — ^Experimental results by Cornell and 
Montonna,'^ 

This system is of particular interest, as acetic acid is also associated 
in the vapour phase, and it would therefore be expected to show anomalous 
behaviour if the linear rule were restricted to systems with a perfect 
vapour phase. In fact, the calculated values are almost perfectly coin- 
cident with the experimental results. If the equilibrium data given in 
Perry ® are used there is an apparent anomaly. This evidently arises from 
an attempt to reconcile the results of Cornell and Montonna with those 
of Bergstrom, as quoted by Hausbrand.^^ There is a slight discrepancy 
between the two which is clearly brought out by applying the linear rule. 
The system is further interesting on account of the high concentration 
of the more volatile component at the conjugate point (;t: == o*86), and 
the low value of the constant V (0-013). The result is that the system 
over most of the range of concentration appears to behave almost as if 
the two components had constant relative volatility, and the slight in- 
flexion at the conjugate point which is strongly emphasised when the 
linear rule is applied to the results of Cornell and Montonna is otherwise 
apt to be overlooked. The conformity of this system with the linear rule 
emphasises the necessity for further work on the formic acid-water system. 

System 9. Benzene-Toluene at i At, — This system is commonly re- 
garded as ideal " in its conformity with Raoult's Law, and this view 
is supported by experiment.^®* There is, however, sufficient difference 
between the molar latent heats of the components to make the use of a 
constant value for the relative volatility unreliable. The composition 
of the phases has therefore been calculated by the use of Raoult's Law 
and the vapour pressures of the pure components at temperatures be- 
tween their respective boiling-points. The calculated temperatures agree 
almost exactly with those given in the International Critical Tables for 
the boiling-points of coz'responding mixtures of the pure components. 
The values of vapour composition thus calculated are used in the case of 
this system instead of actual experimental values to test the application 
of the linear rule. The two sets of values coincide within the accuracy 
of calculation. 

System 10. Benzene-n-Heptane at i At. — ^The experimental results 
for this system were obtained by the author, and have not previously been 
published, The experimentally-determined equilibrium temperatures 
are also given. Conformity with the linear equations appears to be 
within experimental error. 

General Comments, — From the cases which have been examined in 
detail, it is clear that the linear rule provides a simple and highly accurate 
relation between the compositions of liquid and vapour at equilibrium 
for a large number of binary systems, either at constant pressure or at 
constant temperature. Although tliis relation is mainly empirical, its 
accuracy appears to be within experimental error, with one or two doubtful 
exceptions. It is concluded that the rule is suf&ciently accurate and 
widely valid for it to be used with confidence in the mathematical develop- 
ment of distillation theory. 

The linear equations do not, of course, present a complete expression 
of the equilibrium relations, as they give no information concerning the 
variation of temperature or pressure with composition. In this respect 
they do not compete with the equations of Van Laar, Margules and 
Scatchard, by which the activities of the components are separately 

Hausbrand, Principles and Practice of Industrial Distillation, 1926. Trans- 
lated by Tripp, Wiley, New York. 

Bell and Wright, /. Physic. Chem., 1927, 31, 1884. 

Zmaczynski, J. Chim. Physique, 1930, 37, 503. 
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defined, but within this limitation they appear to have a wider validity 
than any equations which have been proposed hitherto. 

Relation Between Linear Rule and Van Laar Equations. 

According to Carlson and Colburn ^ the equations of Van Laar present 
the most useful and generally valid integration of the Gibbs-Duhem 
relation. As re-arranged by these authors, but with reference to the 
exponential base, these equations are : 

logo n = « .... (ga) 


I + 


logo rs = 


B 


[■+t] 


(9*) 


in which A and B are constants representing the terminal values of log 
and log 72 respectively at zero concentration of the corresponding com- 
ponent. This relation is obtained by pxitting o in eq. {(^a) and 
= o in eq. (9&). These equations, when used in conjunction with the 
vapour pressures of the pure components, express completely the equili- 
brium of a binary system with the use of only two adjustable constants, 
A and B. The linear equations use four adjustable constants, a, 6, 
and although these are usually restricted by the continuity condition 
( ± ± VfeP = i). It is of interest to examine how far the linear 

rule is compatible with the Van Laar equations, since the use of only two 
constants in the latter suggests that a systematic relation should exist 
between the a and h constants of the linear equations, at least in the case 
of systems to which the Van Laar equations apply. 

There is a simple relation between the Van Laar constants and the 
" ^ values in the linear equations. By making Xi and zero in eqns. 
(ga) and (9&) respectively, it is seen that 

A = logo (yi)o and B = logo {n) o> 

i,e. A and B are the limiting values of the logarithms of the activity co- 
efficients of the two components at zero concentration. Also, for the 
pure components the activity coefiicients are unity. 

According to the linear rule, for high values of (or AT) : 

^ _ -^1 Vi % 


Xi 


+ b. 


= aX + b. 

Bq Yt. 


Differentiating : 


d:^ ' 


Px 


a, 


as 


Therefore : 


i-o. 


A” 

Lt 


{X 


OQ and 71 I while 72 

)dx \pJt^ 


ivi) c 


(rs’ 


= a. 


Hence a is the limiting value of the relative activity of the two com- 
ponents when component 2 is at zero concentration. 

Substituting for (72) ^ 



B^logJrA) -loge a . ■ 

■ . . (106) 



Similarly : 

^ = logo -loge . 

(loa) 
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and Pa are the vapour pressures of the pure components at the 
same temperature, fixed by the conditions at either end of the system. 
The Van Laar constants can thus be obtained readily from the ” a 
constants of the linear equations.' 

By combining equations (3). (ga) and (96), and substituting Y ^ y^jy^ 
and X == the Van Laar equations yield the following relation between 
Y and X over the whole system. 


By differentiation ; 


p AB{B^AX^) 
P 2 


Pi 


AB{B-AX^) 
e IB + AX)^ I 


2A^B^X(X + i) 
(B + AXy 


(ll) 


(12) 


If the Van Laar equations are to give a linear relation between X and Y 
at high values of X and Y the value of this differential must approach a 
constant value as X increases, and the differential may then be described 
by the linear equation : 


A 


{13) 


Substituting for dY /dX from eq. (12), and for Y from eq. (ii), we obtain 
the following expression for d : 


= £1 e 


J (B H- AX)^ J 


In the limit {X >-> 00 ) this expression reduces to : 


^(£1] 

(Lt.Z-^co) VpJn A 


Similarly, as X increases, dY/dX approaches its limiting value 


^ - (£i] e-B 

dx ypJn 


p^\ 


(14) 


(15) 


(16) 


At the limit of concentration at which the concentration of the more 
volatile component approaches unity, the Van Laar equations thus give 
a linear relation between X and Y, expressed by the equation : 


y/ 


he asymptote to the cu 
tion at the opposite liir 




2B2 


This is the equation of the asymptote to the curve represented by eq. (ri) 
The corresponding equation at the opposite limit of concentration is : 


e-4 

Ti P 


If these equations are to be identified with the corresponding linear 
equations at the extremes of concentration, the following relations must 
be satisfied : 


(17) 


The Van Laar equations may be reconciled with the linear rule over the 
whole system if these relations hold, and if the values of the constants 
A and B are of an order which makes the differential coefficient (eq. 12) 

26 


(i) 



<‘''''’'-©,.'‘■‘"41 
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practically constant for all values of X above a certain small value, while 
the differential coefficient is also practically constant for all values 

of X' above the reciprocal of the same small value. 

If this reconciliation can be effected for a given system, the linear 
rule becomes a corollary of the Van Laar equations, and relations may be 
obtained between the constants of the linear equations which limit the 
number of constants necessary to define the system to the two (A and B) 
which are used by Van Laar (at constant temperature). 

Elimination of A and B from the set of equations (17) readily gives 
the following relations between the a and b constants of the linear 
equations : 



The correlation between the linear rule and the Van Laar equations 
may be tested by comparing the values of b and b' calculated from equations 
(18^?) and (18&) with those obtained directly from the empirical equations 
fitted to the experimental results. This is done in the following table : 


TABLE II. 






1 

). 

¥ 




Ti 






Found. 

Calnd. 

Found. 

Calnd, 


Wt , 


°C. 

I 

2 

3 

4 

5 

6 

7 

, 8 

0 

to 

II 

12 

I 

Methanol “Water 
(i at) . 

243 

0*131 

1*0 

1*68 

0*20 

0*31 

4*11 

3'45 

64*46 

100 

2 

Ethanol - Water 
(i at.) . 

0*885 

0*077 

0*97 

0*92 

0-565 

0*50 

2*300 

2*228 

7S-3 

100 

3 

Ethanol - Water 

(25° C.) 

0*86 

0*085 

1*26 

1*24 

0*42 

0*39 

2*48 

2*48 

(25) 

{25) 

4 

n . Propanol-W ater 
(tat) . 


0*027 

0*50 

0*272 

1*45 

0*55 

1*10 

1*10 

97*19 

100 

5 

W.'ter-f2 But.uiol 
( t at.) . 

0*036 

0*12 

1*10 

0*76 

0*24 

0*14 

2*0 

x*8 

100 

117*7 

6 

w.Butuiol-w.Biityl 
ACvt.ite ([. i:t ) 

o*So 

0*44 

o*.54 

0*67 

0*35 

0*57 

1*3 

1*3 

117*7 

126*5 

7 

W.iter - F -rinic 
Acid ,(i at ) . 

2*48 

1*57 

—1*64 

--8*7 

—0*69 

-0*74 

1*01 

I'or 

100 

100*7 

8 

Watir - Acetic 
Acid(ra.t) . 

1-345 

0*58 

X*IO 


0*013 

0*022 

1*82 

1*86 ' 

100 

ii8*2 

9 

B ‘nzeni^Tolueae 
(rat) . 









So* 12 

110*6 

10 

Be.izene -w Hep- 
tane (t <-t.) . 

1*23 

0*445 

0*66 

i*i8 

0*10 

0*19 

177 

1*69 ■ 

80*1 

98*4 


■ Strictly speaking, the Van Laar equations should be applied only to 
systems at constant temperature. The activity coefficients vary only 
slowly with temperature, however, and it may usually be assumed that 
they remain constant over the temperature range covered by the system 
at constant pressure. When the relative volatility of the components 
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also remains, fairly constant over the same temperature range, as in the 
case of most of the systems studied (col. 9 and 10) the calculated constants 
(col. 6 and 8) might be expected to show good qualitative agreement 
with those of the linear equations (col. 5 and 7) if the Van Laar equations 
are to express the equilibrium accurately. The only example in which 
the comparison is strictly valid is No. 3— ethanol-water at the constant 
temperature of 25° C. This case shows very close agreement between the 
values of the h constants obtained by the two methods, from which it 
may be deduced that both the Van Laar and the linear equations express 
this equilibrium accurately. 

For the same system under constant pressure (No. 2) the agreement 
is reasonably close, although there is a temperature variation of about 
22^^ C. One might therefore expect other systems to show a like measure 
of agreement over a similar temperature range. 

For most of the other systems, however, the agreement is by no means 
so good, although with some outstanding exceptions there appears to be 
a rough correlation ^ between the values of corresponding constants. 
Excluding the doubtful case of water and formic acid, the most notable 
discrepancy is between the two values of the 5 constant for the system 
water-acetic acid. The linear rule accurately expresses the behaviour of 
this system, while the Van Laar equations are invalid both on practical 
and theoretical grounds. On the whole it would appear that the linear 
equations express the relation between liquid and vapour composition 
more accurately at constant pressure than the Van Laar equations, and 
have a wider application. The empirically determined form of the “ i 
constants appears more reliable than that calculated from the Van Laar 
relations, even at constant temperature, while at constant pressure it 
provides an additional parameter which covers changes in relative vapour 
pressures of the pure components with temperature. It is suggested that 
the linear equations rest on the same thermodynamic basis as the equa- 
tions of Van Laar and others, but that they contain a hidden cancellation 
of some of the errors which arise from the approximating assumptions 
which are made in deriving expressions for the separate activity coefficients. 

Summary. 

It is demonstrated that the compositions of liquid and vapour phases 
of a binary system of two volatile components can be accurately repre- 
sented, in the majority of cases, by a combination of two linear equations 
of the type Y = aX 4- h in which Y and X are the molar ratios of the 
components, with the dominant component providing the numerator, 
and a and h are empirical constants. The constant a can be identified 
with the activity ratio of the components when the dominant component 
is at a concentration of unity. It is shown that, under certain circum- 
stancGvS, these empirical linear equations can be reconciled with integrated 
forms of the Gibbs-Diihem equation, particularly the Van Laar integration, 
and in such cases a systematic relation exists between the a and & constants 
of the linear equations. On the whole, however, the linear equations 
appear to be more accurate and more widely valid than the Van Laar 
equations, which should, in theory, he restricted to constant temperature 
and pressure. 

The linear equations do not give a complete statement of equilibrium 
conditions, as they do not define the temperature of the system, but on 
account of their simplicity and wide application ihey are aptly suited to 
the mathematical treatment of the theory of fractional distillation. Their 
use for this purpose is developed in Part II of this communication. 



738 


LIQUID-VAPOUR RELATIONS 


PART 11. 

APPLICATION TO THE THEORY OF PRACTICAL 
DISTILLATION. 

(A table of nomenclature is given at the beginning of Part I.) 

In Part I of this communication it has been shown that the liquid and 
vapour compositions of a system of two volatile components may be 
related by means of simple equations. This section demonstrates the 
use of these equations in the mathematical treatment of the theory of 
fractional distillation, and develops a number of general relations between 
the change in composition of the phases and the other variants of a dis- 
tillation system. 


Theoretical Basis. 

According to the theorem of McCabe and Thielep® the behaviour of 
a system undergoing fractional distillation may be defined by means of 
two curves within the same axes, and described as the equilibrium line 
and operating line respectively. The graph thus formed is known as the 
operating diagram. The equilibrium line relates the compositions of the 
two phases at equilibrium, while the operating line relates the actual 
compositions of the two phases in contact at different parts “of the fraction- 
ating system, under conditions of dynamic equilibrium within the ap- 
paratus. The operating line is fixed solely by the necessity for satisfying 
the laws of conservation of mass and energy within the system. The 
components of the system are transferred in either direction between the 
phases in a manner which is obviously determined by the deviation from 
equilibrium of the phases at any interface. This deviation is defined by 
the relative positions of the equilibrium and operating lines, but it cannot 
give a quantitative measm-e of the rate of approach to equilibrium, or 
the velocity of transfer between the phases, except in conjunction with 
other relations depending upon the mechanism of transfer and the factors 
controlling it. A number of different methods have been proposed for 
relating the change in composition which occurs in a fractionating column 
with the other variables of the system, which include reflux ratio, height 
of column, and properties of packing. These methods depend upon 
the theory which is adopted concerning the mechanism of transfer. At 
least three separate theories are at present in use for this purpose. They 
cannot readily be correlated because in the absence of .simple relation.s 
between the compositions of the phases they must be applied very largely 
by graplucal methods, which do not lend themselves to systematic com- 
parison. For a complete statement of the theories the reader is i*eferred 
to the original sources, but they may conveniently be alluded to under 
the following titles : 

(i) The Method of Theoretical Plates . — ^This uses as a unit of transfer 
the change in composition which would be effected in one stage if the 
two phases moving countercurrently through the fractionating column 
were arrested at intervals and allowed to reach equilibrium before resuming 
their travel. 

(ii) The Method of Mass Transfer Units (Chilton and Colburn — 
This method is based on the theory that fractional distillation follows 
a difiusional mechanism, the rate of diffusion of a given component across 
the interfacial boundary being governed by the difference between the 
actual partial pressure of that component in the vapour phase and its 
partial pressure in equilibrium with the liquid phase. 

McCabe and Thiele, Ind. Eng. Chem., 1925, 17, 605. 

Chilton and Colburn, ibid., 1935, 37, 255. 
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(iii) The Heat Transfer Theory (Kirschbaum — ^This theory depends 

upon the fact that the vapour in a distillation column is always at a 
higher temperature than the liquid in contact with it, but that heat can 
flow between the phases only by means which involve evaporation of 
the liquid and condensation of the vapour. The approach to thermal 
equilibrium is used as a measure of the approach to material equilibrium. 
The mathematical relations between these several theories under 
certain conditions are developed in the following sections on the basis of 
the general equilibrium equations which have been described. 

(1) Calculation of Number of Theoretical Plates at Total 

Reflux.* 

The number of theoretical plates required to effect a given enrichment 
may be found by the erection of steps on the operating diagram alternating 
between the equilibrium and operating lines between the given limits of 
composition. If both lines are rectilinear, the areas enclosed by the steps 
and either line form a series of similar triangles, and there is a constant 
ratio between corresponding sides 
of consecutive triangle^ which is 
the same as the ratio of the slopes ^ 
of the lines. The steps between 
the lines thus form a series in 
geometrical progression, and the 
number of theoretical plates re- 
quired to effect a given change 
in concentration may be found by 
summation of this series. 

Thus : 


where S is the change in com- 
position of a given phase between 
the two ends of the system, s-^ is 
the change in composition pro- 
duced by the first theoretical 
stage, r is the ratio of the slopes of the equilibrium and operating lines 
and N is the total number of theoretical plates required to effect the given 
enrichment. 

When composition is expressed in terms of mol. ratios, the upper part 
of the equilibrium diagram is represented by the linear equation : 

Y ^aX 

and the opei'ating line at total reflux by the equation : 

y == X. 

The given enrichment in terms of mol. ratio is = -2^. 

The enrichment performed by the first theoretical stage {$f\ is r 
Si = aXi + b Xi, 

The ratio of the slopes of the equilibrium and operating lines is : 

r = a. 

Substituting in the general equation (i) we get : 

(X, - Xi) = [(« - i)Xi + &][y£y] 

whence JV log « = log ~ M 

Kirschbaum, Forschung Z,V.D.L, 1933 . 77» 4^^- 
* This example is illustrated by Fig. i. 
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This simple formula gives the number of theoretical plates at total 
reflux for any given enrichment in terms of the constants (a and b) of the 
linear equation : y == aA" + 6, 

In practice, care must be taken to use the linear equation which is valid 
for the part of the equilibrium diagram in which the enrichment takes 
place* If the range of enrichment includes the conjugate point the number 
of theoretical plates must be calculated in two steps, covering the ranges 
above and below the conjugate point respectively. 

If the symbols X and Y are used to represent mol. ratios in the liquid 
and vapour phase respectively with the mol. quantity of the more volatile 
component as denominator, and X' and Y' are used to represent their 
reciprocals, 


t,e. 


,r I ^ 

^ ^ A' ^ " 


and 




where x and y have their usual significance as molar concentrations of 
the more volatile component in the two phases, then eq* {2a) may be used 
to obtain the number of theoretical plates above the conjugate point, 
while the corresponding equation for the part of the system below that 
point is : 

N' log a- ^ log I j j + 'H • • • 

Substitution of mol. ratios by the more usual units of molar concentration 
gives the following pair of equations- valid above and below the conjugate 

(I - x^) (^x, -I- — i— ) 


point respectively : 

JV log a == log 


N' log a' = log 


(l -Xi)(^Xi 

( a' — 1 




1). 


‘ I 


/ a' 


— I 


(3fl) 


(36) 


(In these equations the base of the logarithms is immaterial.) 

These equations are less formidable than they appear at first sight, 
since they consist largely of easily evaluated constants. 

In the case of the "ideal " system, the constants b and b' are zero, 
while a = i/a^ = a, the " relative volatility " of the two components. 
Equations {3a) and (3&) then both reduce to the form : 




(4) 


which is the well-known Fenske ^s-Underwood expression for the number 
of plates at total reflux in the case of the ideal system. In terms of mol. 
ratios, this equation becomes even more simple, 


Nlog oc = log X,IX^. 




(2) Application to Systems of which the Components have 
Different Molar Heats of Vaporisation. 

When the components of a binary system have different molar heats 
of vaporisation, the operating line on the McCabe-Thiele diagram under 

Fenske, Ind, Eng, Chem,, 1932, 34, 482. 

Underwood, Tr. Inst, Chem. Eng., 1932, 10, 112 (Eq. 9). 
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conditions of partial reflux ceases to be rectilinear when the compositions 
of the phases are expressed in terms of molar concentration. This com- 
plication is sometimes avoided by using arbitrary units of mass for each 
component, so chosen that a unit of each component has the same heat 
of vaporisation. This object may be achieved by attributing to one 
component — usually the less volatile — a fictitious molecular weight which 
effects the required adjustment. The units of mass thus obtained may be 
nominated lols.'' 

The use of “ lolar " units of concentration requires an adjustment in 
the position of the equilibrium curve, except in the case of the ideal 
system, expressed by the equation : 

y _ Pi X 

1 -y ” Pa ■ I - 

in which Pj/Pg remains constant. This equation gives the same relative 
values of concentration either in molar or lolar units. This case presents 
an impossibility, however, because thermodynamic considerations insist 
that Pi/Pa cannot remain constant if the molar heats of vaporisation 
are different. For this reason, although the use of “ lolar units may 
simplify graphical procedure, it has hitherto been of little assistance in 
the mathematical treatment of distillation, as such methods have been 
restricted to “ ideal '' systems. 

When the linear equations are used to express the equilibrium of a 
system, the use of “ lolar “ units is much more generally useful, as the 
rectilinear relationship between the compositions of the phases is not 
impaired by the units of mass employed, and the procedure of mathe- 
matical aaialysis may consequently be extended to non-ideal systems. 
This is made clear in the following discussion. 

By definition : 

1 mol. of component i = i lol. 

I ,, M ^ — A'lols. 

when K = QtJQi in wMch Qi and Q, are the molar heats of vaporisation 
of the respective components. 

In terms of molar ratios the equilibrium curve for the system above 
the conjugate point is expressed by : 

Y=^aX 

■ or yi/y2 = + b 

in which yjy^ and xjx^ represent the relative numbers of molecules of 
either component in each phase. 

In terms of " lolar '' ratios : 

Fj, = yilKy2 ^ and = x^lKx^ = XfK 

which give, on substituting in the liiaear equation : 

bIK .... ( 5 «) 


Similarly, below the conjugate point : 

-f b'K 


. ish) 


In terms of mass ratio, therefore, the equilibrium curve remains a straight 
line of which the slope is independent of the units of mass employed A 
change in the units of mass involves an adjustment only of the constant 
term in the linear equation. . 

Equations (-za) and (26), or and (sb), thus prom e 
expression for the number of theoretical plates at total reflux, irre pec iv 
of the units of mass employed, provided the appropriate values cf the 
b constants are used in the equations. 
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(3) Calculation of Number of Theoretical Plates at Finite Reflux. 


It has been pointed out that the number of theoretical stages required 
to e:ffect any given change in concenti'ation in a system can readily be 
computed by means of a simple geometrical progression when both oper- 
ating and equilibrium lines for the system can be expressed by linear 
equations in the same xinits. It has also been shown that, for a large 
number of binary systems, the equilibrium curve can be expressed by a 
pair of linear equations when composition is expressed in terms of molar 
or lolar ratios. When these units are adopted the operating curve at 
total reflux is also a straight line. Unfortunately, however, the operating 
line at partial reflux ceases to be rectilinear when expressed in molar 
(or lolar) ratios, although it remains straight when expressed in terms of 
molar concentration. 

This is shown algebraically as follows : 

The equation for the operating line at partial reflux in terms of molar 
concentrations may be written : 

y = w;i? 


To transpose to units of molar ratio, substitute y = 


y 


y + 1 


and X ■ 


X 

'' x+r 


Then 


mX 


y + 1 


+ A. 


A -h I 

This equation is linear in X 
and y only when w + A = i, 
i,e. at total reflux {Y = X), or 
when one of the components is 
separated in the pure state 
{Xg. = i*o). The problem to be 
solved if the number of theoreti- 
cal plates at finite refiux is to 
be calculated analytically is to 
find a unit of composition which 
gives both equilibrium and 
operating lines as linear equa- 
tions. This is the problem 
which has, in effect, been solved 
by Smoker in the case of the 
" ideal ” system. It can be 
solved for systems which obey 
the straight line rule by similar 
methods. The basis of the pro- 
cedure is given below, and is 
illustrated by Fig. 2. 

Case 1 : At Low Concentrations of more Volatile Component.— In 
terms of molar concentrations we have the following equations : 



Equilibrium line : ^ b' . . , B(i) 

Operating line : y = + A B(2) 

Let (q, p) be the co-ordinates on the xy diagram (Fig, 2) of the point of 
intersection of the equilibrium and operating lines. 

The values of q and p may be obtained by substituting them for x 
and y respectively in equations B(i) and B(2) and solving simultaneously. 


Now, arbitrarily, let and v' = 

y - p ^ {x -q) 

Smoker, Tn Am. Inst. Chem, Eng., 1938, 34, 165. 
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Then, in terms oi <j)' and x', 


y^Pf+±±l and 

9 -r I x' -i' 1 ‘ 

Substitute these values for and y in equations and B(2\ 
Tliis gives : ^ 

For the equilibrium line : 


^p) ~~^p ^ ^q] 

1 + p ^'p I + ^ 


B(i^) 


and for the operating line : 

I + p + <^'p _ m(i + q + x'q) , ^ 

^' + I + * 


B{ 2 a) 


This substitution has the result of expressing the X' relation in 
terms of co-ordinates x' originating at the point of intersection 

of the equilibrium and operating lines, x' i>' are arbitrary units 
of composition which are of value only if their use gives linear equations 
for the operating and equilibrium lines. It remains, therefore, to show 
that equations B(ia) and B(2a) are both linear in and x'> ' The test 
of linearity is that terms in x' should cancel one another (after fractions 
have been eliminated). 

The collected terms in </>'x' eq. B(ia) are : 

P) - a'i’Ci -q) - ypq]- 


But, since values of p and q satisfy both equations B(i) and B(2), we 
get, from eq. B(i) : 

I -P ^ - q) , 

P q ^ 

?(i -P) - a'Pi'^ -q) - b'pq = 0. 


The collected terms in <l>'x' eq. B(ia) thus cancel one another>- 
and eq. is therefore linear in <j>' and x'- 

Similarly, collected terms in ^'x' from eq. B{2a) are : 


¥x'[p -mq-h). 

But from eq. B(2), p ^ mq + k. 


Terms in 0 'x^ therefore cancel one another, and eq. B(2) is also linear 
in and x'. 

We have thus fulfilled the required condition that both operating and 
equilibrium lines should be expressed by linear equations, and from this 
point the number of theoretical plates may be simply calculated by means 
of the geometrical progression rule (see p. 739). 

The validity of this procedure has been proved for the lower part of 
the pcy diagram, i.e. when the equilibrium may be expressed by eq. B(i). 
It remains to extend the procedure to the upper part of the diagram, 
above the conjugate point. 

Case 2 : At High Concentrations of more Volatile Component. — ^The 
equilibrium equation is : 



■ T(i) 


The operating equation is : 

y = mx -j- . » . T( 2 ) 


This time, subvStitute for x and y in terms of 
relations : 

^ = 'L:zt j Z l and x = 

P -y 


X and defined by the 
q — X 


q-x 
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■where p and q are obtained by substituting for y and respectively in 
equations T(i) and T(2) and solving simultaneously. 

Now the equilibrium equation in terms of x (f> becomes ; 


1 -p ^ a(i ~q - qx) , ^ 
p + p^ — p {q + qx — x) 


T(ia) 


and the operating equation becomes : 

I „ ^ (I - x) 

By the same procedure as in Case i . it may be shown that both these 
equations are linear in ^ and x. ’tb® proof of the method is therefore 
complete. 


General Procedure for Analytical Estimation of Number of 
Theoretical Plates. 

A general procedure may now be formulated for the estimation, 
entirely by analytical methods, of the number of theoretical plates re- 
quired to effect a given separation at any given reflux ratio, for any 
system which obeys the straight-line rule.* The method is accurate even 
for systems of which the components have different molar latent heats, 
provided that equations based on " lolar " units are nsed. The perfect 
system provides a special case which falls within the general procedure. 

The procedure to be followed is laid down as a number of consecutive 
steps : 

(1) Obtain the equilibrium curve for the system in the form of the 
t'wo alternative linear equations : 

Y' == + 6'* .... (B) 

and Y = + Z) (T) 

and determine their conjugate point. The terms in Y and X may be 
either in molar or latent heat units, whichever are appropriate. 

(2) Decide which linear equation to use, according to whether that 
par't *of the system in which the enrichment takes place lies above or 
below the conjugate point on the :vy diagram. If the range of enrich- 
ment includes the conjugate point, a separate calculation must be made 
for each portion of the range on either side of that point, 

(3) Obtain the operating equation in the form : 

y — miS -f k 


and the equilibrium equation in the appropriate form in units of molar 
concentration, i.e. 


I -y ^ -- x) 

y X '' 


(B) 


or 




b 


(T) 


(4) Substitute the values y == p and x ^ q in both the operating and 
■equilibrium equations and solve simultaneously to obtain numerical 
values of p and q. 

(5) Substitute numerical values for a (or a'), h (or 6'), k, m, p, and q 
in the equations : 


* An exceptional case which cannot be solved by means of this procedure 
must, however, be noted. In certain systems, e.g. ethanol-water, when the 
equilibrium^ curve above the conjugate point is convex towards the .a;-axis, the 
operating line may fail to intersect the appropriate portion of the equilibrium 
line, and the co-ordinates {q, p) become imaginary. No simple solution to the 
problem has been found for such cases. 
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Operaiing 

I H" i' + P^' 

I + / ■ 

_ «(I + q + qx'] , 

r + / ^ 

• (B) 

or 

1 — p — p^ 

1 -- if} 

_ m(i - q~qx) 

- ■ • 

• (T) 

Equilihririm 

tjf' — p(l,' — p 

_ «'[/ - qx' - q] 1 , , 

• (B) 


I “I- 4“ 

I + ? + ?/ , 

or 

C — p — p(j} 
p p^ — 

_a[i ~q~qn] , ^ 

9 + - X ^ 

• (T) 


These ec[Ucitions tire linear in <f> (or <f>') and x (or x') • They may therefore 
be readjusted (neglecting terms in or (ft'x') to simple linear equations 
of the form : 


Operating 

(j,* ~ A'x' 4- 

• (B) 

or 

^ ~ Ax 4- <7 . ^ . 

• (T) 

Equilibrium 


f - s V + t' 

• (B) 

or 

^ SX 4 - T . 

• (T) 


in which S, A, a and r have numerical values. 

( 6 ) Express and (the compositions at either end of the enrichment 
range) in terms of (or x'l) and (or x's) by substituting in the equations : 


^ I -(x-g) 
^ X — q 

V == ^ + g) 

^ q — X 


(B) 

(T) 


(7) The number of theoretical plates required to perform the enrich- 
ment between Xx and x^ is finally obtained by substituting the derived 
values in the following equation, and solving it for N (the number of 
theoretical plates). 


or 


]<!' lorr ill 

^ (A') 


N log 


(A) 


.»g[t 

log 


/.(S' - AO + ■ 


1(8' - AO + T' 
p x.(8 - A) + T - g j 


7 ] 


L 


- A) +r 


(B) 

(T) 


In detailing this procedure, where alternative equations are given, 
they have been labelled either (B) or (T). For compositions below the 
conjugate point on the (x, y) diagram the (B) series must be followed. 
Above the conjugate point the (T) series is valid. The most complicated 
case is that of a continuous still operating at finite -reflux, when the range 
of enrichment includes the conjugate point. This system has two oper- 
ating lines, one of which extends on either side of the conjugate point. 
If the number of theoretical plates required for this system is to be deter- 
mined entirely by analytical methods the systems must be divided, for 
purposes of calculation, into three sections, the intervening boundaries 
of which are at the x values occurring at the conjugate point and at the 
point of intersection of the two operating lines. The analytical procedure 
is then carried out for each section in turn. 

Although this procedure is no more complicated than that involved 
in the application of the Smoker method to the perfect system at finite 
reflux, it is not the author's intention to suggest that it should, in general, 
be substituted for the more u.sual graphical method. In most cases its 
use would be more ixi the nature of a tot^r de force in analytical procedure 
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than a convenient means of computation. Even in those cases which 
do not readily lend themselves to graphical methods it is usually possible 
to devise, by the use of approximations, more simple analytical methods 
than that involved by the full procedure, without appreciable loss in 
accuracy. 


(4) Application of the Linear Rule to the Calculation of Mass 

Transfer Units. 


When fractional distillation is performed in packed towers as distinct 
from bubble-plate cohiinns, it has been proposed by Chilton and Colburn 
to use, as a basis for still design, a xmit which avoids the suggestion of 
discontinuity implied by the theoretical plate concept, and winch regards 
fractional distillation as a process of material diffusion. The unit pro- 
posed is the ‘'mass transfer unit and it is defined by the equation : 




i/2 C dy 


C(i) 


in which is the number of mass transfer units required to perform 
an enrichment between the limits of vapour phase composition denoted 
by yi and ; y* is the composition of the vapour in equilibrium with a 
liquid of composition p 6 , and y is the composition of the vapour in contact 
with a liquid of composition ;t . 

In other words {x, y*) and (.'V, y) are the co-ordinates 'of points on the 
equilibrium and operating lines on the {x, y) diagram for a given value of pc. 

Alternatively; since the operating line may be given the equation : 


we may write : 


y ^ mx + k, whence dy — mdx, 




r mdx 

xjy* ~y 


and, at total reflux, when m ^ i, and y == ;v : 




r dx 
*1'^ 


C{ia) 


C(2) 


Equation C(2) can readily be integrated mathematically in the case of 
the “ideal “ system, when : 

y * _ olx 
X ■— y"^ rrrj 


giving : 


iCi j* 






-^i) l 


The integration of the equation for the perfect system under hnite reflux 
has been performed by Underwood 21 by means of a procedure similar to 
that used by Smoker in calculating the number of theoretical plates under 
the same conditions. 

In the absence of simple equations for the equilibrium curve of an 
imperfect system, however, the integration of any of these equations in 
the general case has had to be performed graphically, a tedious necessity 
which has considerably hampered the use of the method. 

The linear rule removes this restriction since it provides a simple 
relation between x and 

The integration of equation €(2) in the general case at total reflux 
may be performed either in terms oi x ox X (or X'') , 


2^ Underwood, /. Inst. Petroleum, 1943, 29, 147. 
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Considering first the case when is above the conjugate pointj and 
the equilibrium equation is : 

Y ^ aX 

we have ; x = and dx = 


A “j- I 
= aX 6, whence 3/* 


(A + i)^* 


Also : ftrV* 

By substitution in eq. C(2) : 

dx _ -f & + i)dA 


aX + b 
aX -f 6 -f- I* 


A,, 


= f-^ 


J {X + i)(aX - ^ + 6) 


= I[ 

fPi J L_ 


+ ' 


5] 


dX 


(A + I) ' (aX ~X + b) 
j^logo (A' + i) + {aX -X + 6)J 


I —X 


]• 


Finally : 

= logo [f^rrj + 


^ lo„ [ [Xz{a-~b - I) + 6](i - n 

a - I L\p{^[a - & i) + q{i - 


C(3T) 


It will be noted that the large second term in this equation is also 
found in the expression for the number of theoretical plates at total reflux 
(eq. (3^1)). 

Substituting for this expression we get the very simple relation between 
number of theoretical plates and number of mass transfer units at total 


reflux ; 



A loge a 
a 1 



C(4T) 


The corresponding equations for the part of the y diagram below the 
conjugate point are readily obtained by substituting (i — for x^ and 
^ x^ for x^, adding the indicating sufifix to the constant terms. 

These equations are : 


A' 


MT 



logo 


Xi\x<i{a' 



1) (a' - i)] 

I) (a' - I)] 



C(3B) 


and 





N' loge 
a' 1 



C(4B) 


These equations, relating the number of transfer units with the 
equivalent number of theoretical plates provide a convenient and inter- 
esting means of comparing these two forms of calculus for still design. 
This matter will again be mentioned later. 

The integration of the general case involving finite reflux can be ac- 
complished in a similar manner if composition is first expressed in terms 
of the <l> and x functions used in estimating the number of theoretical plates 
at finite reflux. 

Above the conjugate point (by definition) 


y = P - 


1 


and X = q ^ — . 

+ I 


Then 




I I 

-y = -f^x r + ^ 


^ 

ir + m + 1)’ 


in which (f> and are ordinates on the operating and equilibrium lines 
respectively for a given value of x 
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and cl> are both linearly related to x ^">7 "the equations (p. 745) : 

4" 

(l> -- 

Then, in terms of x 

..h: „ ,v == . 

(Sx + T -I- i)(^x + “ -I- 1) 

Also, bv differentiation dv = mclx — 

(j. -I- i)a 

Substituting : 

M _ -'^“f _ XinnjSx + T + i)(Ax + g + r ) ■ , 

Jbr+ f)W ~X) +r-~-;f’‘ ' 

Equation €(5) can be re-arranged in the form 

AT ’'“rr ^ 1 I ^ 1 

“ ~ Lx + i~^ (x + i)“ ix(8 - A) + T - 
in -which A, B and C are constants, and integrated by the method of 
partial fractions. The values of A, B and C in terms of S, A, r and a are, 
liowever, rather cumbersome, and the method is laborious. 


(5) Application of the Linear Rule to the Heat Transfer Theory 

of Distillation. 

An alternative means of meaAsnring the amount of transfer involved 
under given conditions of distillation has been proposed by Ivirschbaum.^’’^ 
It is based on the theory that enrichment in a distillation column is ac- 
complished by a process of condensation and evaporation, the liquid or 
vapour produced in either case being in equilibrium with the phase from, 
which it comes, and therefore different from it in composition. 

If the two components have the same molar latent heats, and specific 
heats are negligible in comparison, it may be shown that the amount of 
heat which must be transferred between the two phases in accomplishing 
a given enrichment is : 



in which Q is the molar latent heat of either component, n is the number 
of mols. of liquid passing through the system in unit time, is the com- 
position of the liquid phase in equilibrium with a vapour of compo.sition y, 
and is the compositioii of the vapour in equilibrium with a liquid of 
composition x, when {x, y) are the co-ordinates of a point on the operating 
line. 

If the composition is expre.ssed in Uitent heat iinit.s, or loLs,'" Q remains 
constant and the equation lieeomes almost exact:. (For complete pre- 
cision units of constant enthalpy should be used.) 

Equation H(i) can be integrated mathematically for the case of total 
reflux in the same manner as eq. C(2) , 

Substituting for y* and a?* we get (above the conjugate point) : 

which readily gives : 


dx _ 1 r(a — 6 — i)(A'2 — .X^) ^ ^ 

x)y* -X* ~a + iL (I -f A-,)(I + Aj) + - i)X, -f bj- 

This expression is again related to that for the number of theoretical 
plates at total reflux, since from eq. {2a) : 


N logo « = log, 


{d ' — i)A’ 2 "h ^ 
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Making this substitution, we get : 

^ I r (a _ & _ i)(X, - 

Jy*-x* fl + iL (i+A,)(i + ;^j +'^■-1 J 

or, ill terms of .r : 

Nalog.a (a - & - i){x, - x,) 

~x*~ a’^- I (a + I) • 

The corresponding expressions for the part of the system below the 
conjugate point are : 

= I r a'Nhg^a' _ {a - b - i)(Za - 

a'+iL a'-i ' (i + Kj){i + A,) J 

and, 

^ H(aaS) 

ariJ>'* — X* « “ — I (« + l) 

It will be noted that, apart from the values of the constants, the only 
difference between corresponding expressions is a change in the sign of 
the second term. 


Relations between Transfer Units and Theoretical Plates. 

For convenience in discussion, the mathematical relations which 
have been evaluated for a vsystem operating under total reflux are repeated 
here ; 


Tleliiw the Coiijugatn Point. 


Above the Conjugate Point. 


Nmihcr of Theoretical Plates : 


■" Iog«' Ixla' - I -x,{a'-h' - i)]J log* ^ l{i-x,)[b + Xr(a ~ b-i)U 

Plumber of overall mass transfer units based on changes in gas composition at total 
reflux {Nm — l^oo) • 


^2 j* dy 

® J y*"^y 


N' logj!®' i? 

Cl' — I 


N loge a 


(I - 
' (i - 


Heat Transfer Units jfJL 


Sir Ax Nft'logcrt' {a'-b'-i){^-Xi) g»f Ax _ A'gIogea , (a-i>-i)fe-a?i) 

j v:t zq: i xjy*-^* - i ' « + i 


It will be seen that the integrated expression for the amount of transfer 
accomplished consists in all cases of two parts, of_ which the first is directly 
related to the number of theoretical plates required for the transfer, and 
is otherwise independent of composition changes, while the second part 
is related to the limits of composition. 

For values of approaching unity 


cases, the number of theoretical plates required for a substantial enrich- 
ment is large, logo x^/xi becomes vanishingly small compared with N . 
In the limiting case, therefore, the number of overall mass transfer units 
becomes the same as the number of theoretical plates. This relation is, 
of course, well known. 

, , , a' logo Or' , 

Similarly, as (P approaches unity the value of - approaches 

0-5 and ■ — — — approaches 0’$N. A few test cases will show that 
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these limiting relations are true, to a close approximation, over a wide 
range of practical conditions. In other words a given amount of transfer 
may be represented by a number of mass transfer units or by approxi- 
mately the same number of theoretical plates, and the amount of heat 
transferred, calculated according to the heat transfer theory, is ap- 
proximately the same for each theoretical plate. 

Although these conditions hold broadly over fairly wide ranges of 
enrichment, a different state of affairs emerges when only a small change 
ill composition is considered. If we take as a unit the amount of enrich- 
ment represented by a single theoretical plate, then the relation between 
and is obtained by substituting x- and = y in eqs, B(r) and 
T(x). 

We then have ; 

limit I 

-> o) — 


and 


Limit 

I-o) 


1—^8 
r - 


I 

a 


As x-i approaches zero, we obtain, as the limiting value for the number of 
mass transfer units per theoretical plate {i.e. when N' is unity) : 


jV' 


log^' 
iz' — I 



N'qq a' logo a' 

N' ~ 1 ' 


and similarly, as approaches unity : 

VoG a logo a. 

N a — i 

As a practical example, in the case of the methanol -water system, <2' =0*132 
and a = 2*42. The limiting values of Nq^/N at either end of the system 
are then 0*305 and 1*506 as approaches zero and unity respectively. 
Although on the average over a wide range of the system, therefore, the 
number of mass transfer units at total reflux is approximately the same 
as the number of theoretical plates, the number of transfer units per 
theoretical plate may vary approximately five-fold. The unit used for 
design in the application of the transfer unit method is the " height of a 
transfer miit (H,T.U.)og which is inversely proportional to the mass 
transfer coefficient ATg and is defined by : 

dI/d(A7oG) - (H.T.U.)oa, 

in which L is a measure of column height. For a small amount of transfer 
such as that represented by a single theoretical plate we may assume that 
Kq remains approximately constant, and write : 

Vog/L oc A'g- 

Towards the ends of the system the number of transfer units per 
theoretical plate varies rapidly. If, therefore, the H.E.T.P. is reason- 
ably constant the transfer coefficient Kq must also vary rapidly in those 
regions. There is experimental evidence to show that this is indeed the 
case and that the H.E.T.P. is much more constant than the H.T.U, 
Colburn has shown that, according to the two-film diffusional theory : 

I __ I I dy* 

in which kQ and are the individual gas and liquid film coefficients. 
If the liquid film is controlling, therefore, the overall coefficient varies 

Colburn, Tr. Am. Inst. Chem. Eng., 1939, 35, 211. 
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inversely with^ the slope of the equilibrium line (at total reflux) and 
(H.T.U.)o(j varies directly with the same quantity. 

Although experimental examination of distillation behaviour over 
small intervals of concentration near the ends of a system of suitable 
type is cliflicult, Duncan et have produced evidence that, in distilla- 
tion, H.l.U, does vary dii'ectly with the slope of the equilibrium line, 
which pointvS to the conclusion that the process of fractional distillation 
is controlled by the liquid film. Consequently, as Furnas has pointed 
out , 24 the H.T.U. may, and does, vary fifteen or twenty-fold between 
different parts ot. the same system. 

On the other hand, examination of the integrated form of the heat 
transfer equation shows that the amount of heat transferred (at fixed 
mass rates) is very nearly the same per theoretical plate at all parts of a 
given system and, in molal latent heat units, is very nearly the same for 

all systems. The quantity deviates only slowly from 0*5 as a 

recedes from unity while the second' term vanishes as the limits of the 
system are approached. 

Taking the system methanol-water as a rather searching example, 
the following relative molar quantities have been calculated for the amount 
of heat transferred for a single theoretical plate at different parts of the 
system under total reflux. (The constants h and 5 ' in the linear equations 
have been corrected to a " lolal basis.) 


Corresponding values of *f- 

dy 

..Hit .. ' 

are given 

for comparison ; 








Lolal 

^ 0 

0 ‘OI 

0*07 

0-36 

0*50 

1*00 

ConceiitrationsqATa 

0 

0*070 

0*335 

0 ‘ 6 g 6 

0*770 

I *00 

«!s j* dx 








=: 0--27 

0*34 

0*53 

0'45 

0*44 

0*40 

I* dy 




1-38 



—y 

— 0-31 

, 0*39 

0*77 

1*40 

1*51 


There is a two -fold variation in the amount of heat transferred per 
theoretical plate over the whole* system, but most of this occurs very close 
to the water end. Over the greater part of the system the quantity is 
almost constant, and theoretical plates may thus be regarded approxi- 
mately as units of equal heat transfer. 

Tins discussion is not intended as a comparison of the relative merits 
of different methods of still design. It has been introduced only for the 
purpose of illustrating the use of the analytical methods which have been 
developed and of indicating their possibilities in the interpretation of 
experimental data. It suggests, for instance, that in the experimental 
investigation of various theories of distillation mechanism, particular 
attention should be paid to the behaviour of the system over small ranges 
of composition at either end. 


Summary. 

The linear rule proposed in Part I to relate the compositions of liquid 
and vapour in systems of two volatile components, is used to develop 
the mathematical treatment of the theory of fractional distillation. It 
is shown that the linear relationship is independent of the units of mass 
which are used to define the quantity ratio of the two components. Exact 
expressions are obtained for the number of theoretical plates required to 
obtain a given difference in composition in a fractionating system at 

22 Duncan, Kofiolt and "Withrow, Tv. Am. Inst. Chem. Ung., i 942 » ^ 59 * 

24 Furnas, ibid,, 1939, 35, 587. 
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either total or partial reflux. These expressions remain valid when the 
molar heats of vaporisation of the components are unequal, provided that 
the compositions of the phases are defined in units of mass of equal latent 
heat. 

An integrated expression is obtaijied for the equation of Chilton and 
Colburn describing the performance of a fractionating column on the 
basis of the diflusional theory of fractional distillation under the con- 
dition of total reflux, and also for Kirschbaum's equation relating the 
performance of a column with the amount of heat transferred between 
the phases under the same condition. 

The linear rule makes it possible to demonstrate that there is a simple 
relation between each of these integrals and the number of theoretical 
plates required for the same performance. 

The use of these relations in deciding the mechanism of fractional 
distillation by experimental study is suggested and illustrated. 

Research Department, 

Imperial Chemical Industries, Ltd., 

BilUngham. 


A THERMODYNAMIC STUDY OF BIVALENT 
METAL HALIDES IN AQUEOUS SOLUTION. 
PART XV. DOUBLE CHLORIDES OF UNI- 
AND BIVALENT METALS. 

By R. a, Robinson and R, H. Stokes. 

Received '^Qth May, 1945. 

In Part 11 of thivS series ^ measurements were reported of the vapour 
pressures of solutions corresponding to , the double salt, KaBaCL or 
(2KCI . BaClg). An analysis of the experimental results led to the con- 
clusion that this pair of salts exhibited little or no complex ion formation, 
the data being capable of reasonable interpretation on the assumption 
that the component salts retained their identity in .solution with com- 
paratively small specific interaction. 

Further measurements have now been made on solutions coixesponding 
to K3MCI4 where M = Mg, Mn, Co, Ni or Cu. The Mg salt was selected 
because it was thought that, as in the case of BaClg, complex ion formation 
was not likely to occur and an opportunity would be provided to ascertain 
the extent of interaction to be exi^ectcd between component salts of this 
type in solution in the absence of complex ion formation. In addition, 
some measurements have been made on K2Ca(NOa)4 solutions with the 
same objective, as it was thought that metal nitrates would be even less 
likely to exhibit complex ion formation than the chlorides. Measure- 
ments have also been made on solutions of LigCaCL where high con- 
centrations can be reached. In a further communication it is intended 
to report on solutions of KCl containing various ratios of zinc and cadmium 
halides. 

In this paper it should be understood that formulae of the type K2MCI4 
will be used as a convenient designation of the stoicheiometric composition 
of the solution, without any commitment to an hypothesis of complex 
ion formation such as [MC1]4 — . ' 

It will not be necessary to record all the measurements made, but 
in Table, I there are given the isopiestic ratios R — WkoiMk2mo 14» at round 

^ Robinson, Trans, Faraday Soo., 1940, 36, 735. 
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concentrations of the double salt and at a temperature of 25°, read from a 
plot of the experimental results. 


TABLE I.— IsopiESTic Ratios, 


m. 

KgMgCL. 

K2B11CI1. 

KaMiiCli. 

KaCoCli. 

KaNiCli. 

K2CUCI4. 

K 2 a(N 03 ).i. 

0*05 

3'42 

3*44 

3*39 

3*39 

3*42 

3-36 

3*27 

0*1 

3'46 

3*44 

3*42 

3 '43 

3*45 

3-38 

3*21 

0*2 

3*55 

3*44 

3-48 

3*49 

3*52 

3*42 

3*10 

0*3 

3-63 

3’40 

3 ’54 

3 * 5 ^ 

3-58 

3*45 

3*00 

0*5 

3*8o 

3*52 1 

3*64 

3*69 

371 

3-48 

2*83 

0*7 

3*96 

3*57 

3*70 

3*8i 

3*84 

3-48 

2*68 

1*0 

4*i8 

3-62 

3*74 

3*95 

4*00 

3-39 

2*50 

1*2 

___ 

3*63 

3*75 

4*01 

4*o6 

3-32 

2*41 

1-4 

— 

— 

— 

— 

— 

3-24 

2*34 

l'6 

— . 

— 

— 

— 

— 

— 

2*27 

1*8 





- 


2*20 


The values for KaBaCl^ were taken from a previous paper^. 

The first significant feature to be noted in Table I is the fact that the 
group of salts, KaMCl4. where M = Mg, Ba, Mn, Co and Ni, have isopiestic 
ratios lying Ixtween i? = 3*39 and R ==? 4-18. Considering the five salts, 
MgCla, BaCL,, MnCla, CaClg and NiCL, previous investigations in this series 
have shown that their isopiestic ratios to potassium chloride cover the range 
1-37 to 2*33 between O'l m. and 2 m. Now, if the ratio R == mKoiMKcia 
lies between 1*37 and ;2-33 for a series of salts, we should predict approximate 
range of 3-37 to 4*33 for R = ^^^kciMcsmoL corresponding to a similar 
series of double salts, provided no complex ion formation occurs. This 
predicted range is almost exactly what is found and consequently our 
preliminaiy examination of the data suggests that in the case of these 
five salts little or no complex ion formation occurs. 

A more detailed examination of the data is hampered by our lack of 
knowledge of the vapour pressures of mixed solutions. However, we shall 
examine the consequences of two reasonable approximations and test 
their validity by applying them to the data for potassium maguesium 
■chloride, the salt which might be supposed to be the least likely to exhibit 
complex ion formation. 

First Approximation,— It will be assumed that the vapour pressure 
lowering of an xu. solution of Iv2MgCl4 {i.e. a solution 2 ;tf m. to KCl and 
M. to MgCla) can be put equal to the sum of the vapour pressure lowerings 
of a 2 x M. KCl solution and an x m. MgClg solution. This assumes that 
the vapour pressure loweitng due to one salt is not affected by the presence 
of the other salt, an assumption which cannot be exactly true but the 
consequences of which it will nevertheless be interesting to investigate. 

For e:^ample an 0*5 m. solution of KaMgCl^ is found to be isopiestic 
with 1*900 M. KCl wlaose niolai vapour pressure lowering {p^ — p)lm 
is 0*7552. The vapour pressure lowering of the K2MgCl4 solution is 
therefore 07552 x 1*900 = i*435 experimental 

The calculated value is obtained as follows : the concentration of KCl 
is I M., the moial vapour pressure lowering of KCl at this concentration 
is 0*7559 and the KCl makes a predicted contribution of 0*756 mm. 
Previous work has shown that 0*5 M. MgClg is isopiestic with 0793 m. 
KCl whose vapour pressure lowering is 0*601 mm. The constituent salts 
of KaMgCl^ are therefore predicted to make a contribution of 0*756 + 
o*6oi = 1757 nim., a result which differs by 5 ’4 % fi’O^ observed 
value. 

Second Approximation. — It will next be assumed that the 
pressure lowering of an x m. solution of Iv 2 MgCl 4 is equal to that due o 
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2Ar M. KCl and m. MgCL separately, the molal vapour pressure lowering: 
of each salt being taken at the same total ionic strength as a? m. KaMgCl^.. 
In this way some attempt is made to allow for the influence of one salt 
on the other. 

Thus, for an 0*5 m. IvaMgCl^ solution (ionic strength 2*5) it is found 
experimentally that the vapour pressure lowering is 1*435 mm. The 
calculated value is obtained as follows : the molal vapour pressure lowering 
of KCl at an ionic strength of 2*5 { 2^5 M.) is 0*7590. Since the double salt 
is I M. to KCl we predict a contribution of 0759 mm. due to the KCL. 
An MgCL solution of ionic strength 2*5 would be 0*833 m. and previous, 
work has** shown that such a solution would be isopicstic with 1*453 m. 
KCl whose vapour pressure lowering is 1*095 The predicted con- 
tribution of the MgCL is therefore (o*5/o*833) x 1*095 0*657 

The calculated vapour pressure lowering is there;{ore 0*759 + o*eS57 
1*416 mm., which agrees within 1*3 % with the observed value. 

Extending these two methods over a concentration range of K.MgCh 
we get the data in Table 11 . 


TABLE II.— Comparison of Observed and Predicted Vapour 
Pressure Lowerings of KjjMgCfi Solutions. 


m. 

Obs. 

mcUhf)d. 

ScchikI niotluir]. 

Ciik. /Jp. 

P<!r Clint. Diff, 

Calc, dp. 

Per cont. 

Q'l 

0*256 

0*267 

0*4 

0*2 64 

o*S 

O’Z 

0*539 

0-538 

0*2 

0-532 

i:*3 

0*3 

0*825 

o*8oo 

3*0 

0*81:2 

1*5 

0-5 

1*435 

1-357 

5*4 

1*416 

1*3 

0*7 

2*109 

1-944 

8*0 

3*090 

0*9 

1*0 

3 * 2^7 

2-895 

10*3 

3-225 

0*1 


It is clear that the second and more reasonable api>roximation gives 
good agreement with the observed values. Unfortunately the method 
has one limitation ; since potassium chloride is saturated at 4*8 m., the 
highest concentration of K^MgCL to which the method can be applied 
is 0*96 M.' For calculations at r m. KaMCl^ a slight oxtaipolation of 
the KCl data from 4*8 to 5 m. must be made. 

Table III gives the percentage difference between the observed va|)our 
pressure lowerings and those calculated by the second medhod for each of 
seven double salts. 


TABLE III. — Percentage Deviations bictwef.n CALCULATitu and Obsi-.kved 
Vapour Pressure Lowerings of Double Salt Solutions. 


w. 

KaMgCU. 

KaBaClft. 

KaMuCU. 

KaNiCU. 

KaCoCl^. 

Ka^liiCh. 

KaCgNOds. 

0*1 

— 0*8 

— 0*1 

-0*8 

- 1*5 ' 

—0*8 

0*0 

'~l*5 

0*2 

-i ‘3 

— 1*0 

-0*6 

-07 

— 0*2 

+ 0*1 

~.2-0 

0*3 

-1*5 

—. 0*5 

- 0*9 

- 0*4 

— 0*2 

4-0-5 ' 

— 2*0 

0*5 

- 0*9 

-1-0*4 

— 0*1 

4 - 0*3 

4-0*3 

4 ' 2*3 

— 2*2 

0*7 

- 0*9 

-j-l-o 

- 1 - 1*7 

4 - 0*9 

4 - 0*9 

+ 4*0 

+ 1*4 

1*0 

—0*1 

-f- 2*4 

-f" 4*6 

+ 2*6 

4-3*1 

4-8*8 



A positive sign indicates that the calculated value is higher than the observed. 


Finally some measurements were made on solutions of the double salt, 
LiaCaCb up to high concentrations (4 m.), using lithium chloride as refer- 
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^nce salt. The vapour pressure lowerings for this salt have already been 
evaluated.^ The results are given in Table IV. 


TABLE IV. — OssEitVEU and Calculated Vapour Pressure 
Lowerings of Solutions of LigCaCXj. 


WLifiCaCU- 

Wi.iCl. 

dp (obs.). 1 

dp (calc.). 

Per cent. Diff. 

0* 1(^52 

0*5500 

0-459 

0-467 

+0-2 

0-5292 

i '«53 

1-716 

1-725 

+ 0-5 

0*8861 

3-191 

3-336 

3-348 

+ 0-4 

1-287 

4705 

5*544 

5-530 

— 0*3 

1-461 

5 ’ 39 i 

6-66 

6-55 

-1-6 

1-813 

6*721 

8-83 

8-69 

-1-6 

2-071 

7735 

10-54 

10-17 

- 3*5 

2*499 

9-363 

13-11 

12-46 

- 5*0 

2-8941 

10-85 

15*12 

14-33 

- 5-2 


11-61 

16-03 

15-22 

— 5’0 

3 ’i 73 

11-76 

16*20 

15-45 

\ - 4-6 

3*307 

12*29 

16-76 

15-94 

1 “ 4-9 

3-833 

13*99 

18*29 

1 

17-53 

- 4-2 


We must now estimate the vapour pressure lowering to be expected 
in the event of complex ion formation. If this process were complete in 
the case of x m. K^MgCl^ it should simulate closely the behaviour of i M. 
■CaCla whose water activity has been shown ^ to be 0-9451 corresponding 
to a vapour pressure lowering of 1*304 mm. The observed value is 3*227 
.and that calculated on the assumption of no complex ion formation is 
3*225. The question arises whether this 'small difference of 0*002 mm. 
(which is somewhat larger with other salts) is due to slight formation of 
complex ions. We believe that this is not so, for two reasons. In the 
first place, if the difference is attributed to complex ion formation, it would 
be expected to become more marked with increasing concentration ; the 
experiments with LiaCaCl^ have been carried to high concentrations without 
any such enhancement of the difference. Secondly, it can be shown that 
the observed differences, of the order of 3 %, also occur with salt pairs 
where complex ion formation is most unlikely. Thus Owen and Cooke ^ 
have made vapour pressure measurements of mixtures of KCl and Li Cl 
in various ratios at total ionic strengths of i, 2 and 3. The mixtures in 
equimolecular amounts may be treated as solutions of KLiClg and vapour 
pressure lowerings calculated by the second method described above can 
be compared with the observed. At total ionic strength of i, 2 and 3, 
the percentage deviations of calculated from observed values are 0-2, 2*0 
and 3*5 % respectively, the calculated value being higher than the ob- 
served in each case. Of the seven double salts in Table III, only one, 
K2CUCI4, exhibits a deviation substantially different from that , observed 
with the simple salt pair KCl + LiCl. 

It may be concluded, therefore, that {a) the simple additivity rule of 
vapour pre.ssLire lowerings may be used to detect complex ion formation 
if such occurs to any marked extent, and (b) with the possible exception 
of KaCuCli, there is no sound basis for postulating the existence of complex 
ions of the type MgCl^ — , BaCh — , MnC^ , NiCl^-ri CoCl* or Ca(N03)4 
in solutions not greater than i m. in concentration. Absence of CaCl4 
ions in Li^CaCb is indicated up to much higher concentrations. It is, 
of course, possible that complex ion formation might be' detected in some 
of these cases if experiments were made at sufficiently high concentrations. 

^ Robinson, Trans,, Faraday Soc., next paper. 

^ Stokes, ibid., 1945, 41, 637. 

^ Owen and Cooke, /. Amer. Chem. Soc., 1937, 59 » 2273. 
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Summary; 

Isopiestic measurements have been made on solutions of mixed salts 
of the type aKCi -F MCL, where M = Mg, Ba, Mn, Ni, Co or Cn, on 
2KNO3 H- CaCNOa)^ and on aLiCl -h CaCL, the latter to high concentra- 
tions. A simple additivity rule for vapour pressure lowerings has been 
discussed. No sound evidence has been discovered in favour of the exist- 
ence of complex ions, except possibly of GuCl^ , in the concentration 
regions studied. 

AucMand University College, 

Nevi) Zealand, 


THE WATER ACTIVITIES OF LITHIUM CHLO- 
RIDE SOLUTIONS UP TO HIGH CONCENTRA- 
TIONS AT 25L 


By R. a. Robinson. 

Received ^oth May, 1945. 

'The water activities in solutions of sulphuric acid at high concentrations 
have been measured by Shankman and Gordon.^ Determinations on 
calcium ^ and magnesium chloride ^ and sodium hydroxide ^ have recently 
been extended to high concentrations and interest therefore attaches to 
solutions of a i — i electrolyte of the noble gas type. To fill this gap, 
measurements are now reported on lithium chloride by the isopiestic 
method. 


Experimental. 

Lithium chloride was made by neutralisation of Einier and Amend’s 
lithium hydrate followed by four recrystallisations. It was used in the 
form of a concentrated stock solution whose vstrength was determined 
by chloride analysis, and more dilute stock solutions were prepared as 
required. The solutions were equilibrated in silver dishes as preliminary 
experiments showed that platinum dishes gave the same results i indicating 
the absence of corrosion of silver by lithium chloride solutions. Measure- 
ments were made against sulphuric acid and sodium chloride as standards 
and are reported in Tabic t, A few determiuations were made at low 
concentrations as a check on those previously reported.® 


Discussion. 

From the isopiestic results, water activities, osmotic coefficients and 
activity coefficients have been evaluated. A set of refeirence valuevS has 
been adopted which up to 1*5 m. NaCl are essentially those given by 
Robinson and Harned ® but at higher concentrations considerable weight 
is given to the more recent work of Olynyk and Gordon."^ For sulphuric 

^ Shankman and Gordon, J. Amer. Chem, Soc,, 1939, 61, 2370. 

^ Stokes, Trans. Faraday Soc., 1945, 41, 637. . 

® Stokes, ibid., 1945, 41, 642. 

* Akerlof and l<.QgQles, j. Amer. Chem. Soc., 1940, 62, 620, 

® Robinson and Sinclair, ibid., 1934, 56, 1830. 

® Robinson and Harned, Chem. Rev., 1941, 28, 419, 

’ Olynyk and Gordon, /. Amer. Chem. Soc., 1943, 65, 204. 


acid reliance has been placed mainly on the direct vapour pressure ineasure- 
ments of Sliankman and Gordon/ although these differ considerably 
from the e.m.f. measurements of Harned and Hamer/ 


TABLE I,— IsopiESTic Results at 25°. 



^MNaCl. 

WLiCl. 

WNaCl. 

mLiCl. 

WNaCl. 

mLiCl. 

JWNaCl. 

o-2o8o 

2*470 

^•<562 

4 ‘ h 5 

4-883 

0*2117 

2*878 

4-305 

5*432 

0‘ioG 

0-9729 

-2-971 

3- 828 

4- 509 

1-056 

3- 526 

4- 659 

5 - 590 

2-132 

2- 994 

3- 982 

4- 695 

2- 442 

3- 552 

4- 870 

5- 841 

2-205 

3*408 

4*067 

4*705 

■ 2-538 
4*102 
4*986 
5.865 

WLiCl. 

WH2SO4 

1 mLiCl. 

1 WHaSOd. 

1 WLiCl. 

WH2SO4. 

MLiCl. 

WH2S04. 

3*228 

5*760 

8*586 

12*523 

13-480 

15- 512 

16- 974 

19-569 

2*913 

5-099 

7-734 

11*592 

12*512 

14*371 

15*561 

17-559 

3*801 

6*715 

9-450 

12*605 

14*112 

16*116 

i8‘2o6 

20 * 019 * 

3-401 

5-958 

8-570 

11-681 

13- 116 

14- 896 

16- 553 

17- 873 

3-865 

6*869 

10*302 

13*006 

14*628 

16*798 

18*926 

3-464 

6*104 

9*396 

12*073 

13*594 

15*424 

17*096 

5*380 

8-329 

10-845 

13*407 

15*052 

16*875 

19*074 

4-764 

7-478 

9-952 

12*441 

13*992 

15*487 

17*189 


* Su^Dcrsaturated solution. 


TABLE II.—Water Activities, 

COEFinCIENTS OF LlTKIUM 


Osmotic Coefficients and Activity 
Chloride Solutions at 25 °. 


nu 

"w. 

1 

Y. 

m. 


<!>• 

Y- 

0*1 

0*2 

0*3 

0*4 

0*5 

0- G 

0*7 

0*8 

0*9 

10 

1*2 

1*4 

1 - 6 
1*8 
20 
2*5 
3*0 
3*5 
4*0 

4*5 

5*0 

5*5 

6*0 

6*5 

7*0 

7*5 

0*99662 

0-99325 

0*98983 

0-98635 

0*98281 

0*97919 

0*97549 

0 * 97 x 72 

0-96791 ' 

0*9640 

0*9560 

0*9477 

0*9391 

0*9302 

0 * 92 X 0 

0*8966 

0*8702 

0*8417 

o* 8 ix 6 

0*7799 

0*7471 

0-7123 

0-6784 

0-6438 

0-6083 

0-5729 

0-939 

0*939 

0*945 

0*954 

0*963 

0*973 

0*984 

0*995 

i*oo 6 

x*oi 8 

1-041 

1*066 

X'oyi 

1 - 1 x 6 

1*142 

1 * 2 X 2 

1*286 

1-366 

x *449 

1-533 

1-619 

1 * 7 x 2 

1*795 

1-880 

1- 97 f 

2 - o 6 i 

0-790 

0-757 

0-744 

0-740 

0-739 

0-743 

0-748 

0-755 

0-764 

0-774 

1 0*796 
0-823 
0*853 

0 - 885 
0*921 
1*026 

1 - 156 

1 294 

1 483 

1*710 

1*979 

2*32 ' 

2*67 

3-13 

3 - 67 

4 - 30 

8*0 

8*5 

9*0 

9-5 

10*0 

10-5 

II'O 

11*5 

12*0 

12*5 

13*0 

13-5 

14*0 

14*5 

15*0 

15 - 5 

16 - 0 
i 6*5 

17 - 0 

17 - 5 
i 8 *o 

1 8 - 5 

19 - 0 
19-5 
20*0 

0-5381 

0*5038 

0 - 47 x 0 

0*4396 

0*4101 

0 * 38 x 7 

0*3550 

0*3303 

0*3070 

0*2857 

0*2657 

0*2471 

0*2298 

0 * 2 x 42 

0-2000 

o-x867 

0 -X 75 I 

0*1647 

0*1551 

0*1459 

0-1377 

0*1299 

0*1226 

0*1163 

O-XIOO 

2-150 

2-239 

2*322 

2*401 

2*474 

2*546 

2 * 6 x 3 

2*674 

2*731 

2 - 782 
2*830 
2*874 

2 * 9 x 5 

. 2*949 

2*978 

3 - 002 
3-023 
3-034 

3-042 

3-053 

3*057 

3-062 

3'o66 

3-065 

3-063 

5-05 

5-94 

6*94 

8 ‘o 8 

9-36 

10-83 

12-46 

14-25 

x6‘23 

i 8*35 

20*6 

23-1 

25-8 

28-6 

31-5 

34‘4 

37-5 

40*3 

43*2 

46*3 

49*3 

52-4 

55-6 

58-7 

61*7 


> Harned and Hamer, /. Amer. Chem. Soc., i 935 . 57 . 27 - 
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Attention should be drawn to the extraordinarily high values of the 
activity coefficient, 61*7, at a concentration of 20 m. A value of 48*8 
is reported 2 for 10*5 m. CaClg and of 38*0 for ® 6 M. MgCia. For 16 m. HCl 
Alcerlof and Tearle » give y === 41*5 whilst Stokes has made some measure- 
ments in this laboratory which indicate that NaOH attains a value of 
33‘9 at 29 M. 

The equation : 

--log y — : 0-5092 V^/(i H- 0-3286 V^) 0*007^2-]- log (i ^1- o-036m), 

corresponding to a mean distance of approach of the ions of 4*25 a., repre- 
sents the activity coefficients to within 0*002 up to i M. and holds within 
2 % up to 10 M. At higher concentrations, however, it preclictvS activity 
coefficients much higher than the observed, e.g, 47-7 against 31-5 at 15 m. 
and 249 against 61*7 at 20 m. 

The saturated solution was found to be in equilibrium with 17-822 m, 
H2SO4 and from a plot of the isopiestic ratio against Wnasoj the concen- 
tration of the saturated solution of LiCl at 25° was found to be 19*947 
or 45*83 g. of Li Cl per 100 g. of saturated solution, in very good agreement 
with the value given by Seidell. 

Summary. 

Isopiestic measurements have been made on lithium chloride solutions 
up to 20 M. at 25®. Water activities, osmotic coefficients and activity 
coefficients have been calculated. The solubility at 25® is 45*83 g. per 
100 g. of saturated solution. 

Auckland University College, 

New Zealand. 

® AkerlSf and Tearle, J, Amer. Chem. Soc., 1937, 59 » ^854. 

Seidell, Solubilities of Inorganic and Metal Organic Compounds, 3rd edix., 
Van Nostrand, New York, 1940, p. 912. 


RESEARCHES ON ELECTRO-ENDOSMOSIS 

By A. J. Rutgers and M. Djs Smet. 

Received f th December, 1944. 

I. In this paper we intend to give a brief account of our researches 
on electro-endosmosis, which were carried out in the years 1940-1942. 

As is well known, two methods present themselves for the determina- 
tion of the electroldnetic potential (J-potential) at the litiuid-solid, interface 
in glass capillaries, 

(1) Measurement of the streaming potential. 

(2) Measurement of the electro-endosmosis-velocity. 

Previous experiments ^ had shown that, in contradiction to the Helm- 
holtz-Smoluchowski-equation, the radius of the capillary had a big iniiueiice 
upon the value of the streaming potential. Assuming that this influence 
must be ascribed to surface-conductance, a '"true'' curve could be 
calculated, but it was obvioUvS that a more direct measurement of 5 was 
highly desirable. We therefore decided to develop a method for the 
determination- of the electro-endosmosis velocity, from wliich the electro- 
kinetic potential can be calculated ; in the relation between these quan- 
tities conductance does not play a part.® 

^Verlende, Proc. Kon. Akad. Wetensch. Amsterdam, 1939,42,764. Rutgers, 
Trans, Faraday Soc., 1940, 36, 69. 

® De Smet, Bull. Acad. Roy. Belg., Ill, No. 12, 14, 1941 ; No. 4, 8, 1942. 
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We start from Poisson’s equation in cylindrical co-ordinates 


A(/f 






which for axial symmetry == o) and linear decay of potential along 
the ^-axis (D/Dr^ o) changes into 


or 


I _£/ d0\ _ £7-^ 

r &y\ {If) I) 

p= ±(r^) 

dr\ drj 


(I) 


Our second fundamenital equation describes the frictional force dFtt 
upon a layer of liquid between two co-axial cylinder surfaces : 


di.,..=d[,s|].d[„^g] 


du" 


( 2 ) 


where y is the radius^ I the length of the cylindrical shell, tj the viscosity, 
dv/dr the velocity gradient in the liquid. 

If a potential difference E is applied to the ends of a capillary of length I, 
the intensity of the held is E/h the force per cm.^ /I, and the electric 
force dFci on the liquid in the cylindrical shell 


dF,u 


2^rl ™ : 


DE , / d0 


i't) 


( 3 ) 


where equation (i) has been used. 

In the stationary state we have 

dEfr. + dEci. — o 

giving : 

d[,„4]-f^ 


('!)=» 


or 


Av Dh d\! _ , 

'nZTTvh ^1“ = Const. 

' dr 2 


In the axis of the capillary r ■■ 
and therefore 


For Y -.55 R, V - 


v{r) 

o and xfj = 
Const. 


0 and d<^/df = o ; hence Const. = o, 
. . ^ . (4) 

-b Const. 


and 


di> DE ^ 
dr dr 

= 

^Tiril 

■. { ; hence 

^irrjl 




?)• 


(5) 


The volume of liquid passing per second through a cross-section of 
the capillary is given by 
rii DEc^ 
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This is the iinal formula for the electrovsmotic velocity in a cylindric 
capillary. It differs from the Helmholtz- Smoluchowski formula by the 
second term in the right hand side. 

If we take into account that this term is small in proportion to the 
first one as long as the thickness of the layer where differs appreciably 
from zero is small with respect to the radius of the capillary, and if we 
neglect this correction term, we obtain Helmholtz-Smohichowski's well- 
Imown equation 


V _ DEK 

ir.R"'’ .\7Tr)l 


( 7 ) 


The negative sign in (7), which we will omit hereafter, means that for 
a positive value of ^ the velocity of the liquid and the electric field are of 
opposite sense. 

2. A diagram of the apparatus used is given in Fig. i. We see a 
principal vessel, in the shape of a horizontal cylinder (accommodated in 

I I ’d brass case) with ground joints; and a pear-shaped auxiliary 
vessel, also with its axis horizontal, but perpendicular to the axis 
of the principal vessel ; this last vessel has a capacity of 800 c.c., 
the auxiliary vessel of some 400 c.c. The concentration of the 
solution in the large vessel can be changed by means of the 
concentrated solutioii in the small spherical vessel, one drop of 
which can be pressed through a capillary tube into the large one. 

Three electrosniosis capillaries, the capillary con- 
necting the small spherical vessel for changing the 
V concentration, an immersed pair of electrodes for 

determination of the conductivity, and a supply 

purified ni- 
trogen pass by means 
of ground joints 

ifTTr^^ through . the six 

vertical tubes. A 

^ / J system of conduit 

^ tubes (not shown) 
1 yy allow the 

yy^ application of iiitro- 
^ pressure to all 

parts of the appara- 
^ tus where needed, so 

Fig. I. Diagram of apparatus. 

tions can be effected 


Fig. I. Diagram of apparatus. 


in perfect separation 

from the atmosphere. Special care was given to the preparation of the 
pure water {a 2 X 1:0 011111"“^ cm. -i). The capillaries are made of Jena 
161 1 1 glass ; the length of the capillary between the electrodes (A and B ; 
Fig. 2a) is some 5 cm, ; tensions of 600, 500, 400, 300, and 600 v. are applied 
in snccession, correvSponding to a field strength of 120-60 v./cm. (Coehn 
and Raydt ; 880 v./cm.). A wider capillary is sealed on either side of 
the capillary AB, in one of which a window has been made by grinding 
off ; the other capillary is bent through an angle of 135°. 

To describe the manipulations we introduce the terms “ measuring 
position*' (m.p.) and "filling position" (f.p.) (Fig. 2a and b). In the 
f.p. the free end of the capillary is vertical, the auxiliary vessel is empty, 
the principal vessel is filled with 400 c.c. of liquid, the other end of the 
capillary is immersed ; the liquid is forced into the capillaries under pres- 
sure (many times to and fro) ; the free end of the capillary is open to the 
atmosphere, but is protected against CO 3. 

The principal vessel is accommodated in a brass case, which can rotate 
about a horizontal axis, suspended in a support ; this support is mounted 
upon a big hoard which rests on the table with two fixed legs and one 
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adjusting screw. By a rotation of 90° about the axis of the principal 
vessel the free ends of the capillaries are brought into a horizontal posi- 
tion ; the auxiliary vessel then points slantingly downward and is filled 
with liquid from tlie principal vessel ; the immersed ends of the capillaries 
are now free, and in the capillaries there is a thread of liquid, bounded 
on either side by the? gaseous phase. By suitable application of pressure 
each thread is moved into the horizontal part of the capillaries, so that 
one of its ends can be observed with the microscope. 

In the m.p. the thread of liquid is almost, but never perfectly 
liorizontal ; it usually moves slowly under gravity in the capillary ; the 
position is improved by means of the adjusting screw, until the thread 
no longer moves. Then the potential of 600 v. is applied, and the time 
required for traversing 20, 30, 40, 60, or 80 divisions of the micro- 
meter is measured ; 100 divisions correspiond to 0*9012 cm. ; , p, 

then the potential i.s reversed ; this is repeated five tmes ; this 0 I 

procedure is repeated with potentials of 500, 400, 300 and again l 

600 v. We had made sure previously, by measuring simultane- 1 

ously at the upper and lower faces, that these two layers move 
always with the same velocity, | . 



Fig. 2rt. — Measuring Position.'* Fig. 2b , — ” Filling Position." 


After the velocity has been measured in the first capillary, it is turned 
90° in its ground joint, which brings it into a vertical position ; now the 
velocity in the second or third capillaries can be measured. Then the 
capillaries are rotated back through 90°, so that the apparatus is completely 
back in the m.p. ; it is then rotated into the f.p. ; the pear-shaped 
auxiliary vessel empties itself into the principal vessel, the liquid in the 
capillaries is also forced into this vessel, and by measuring the conduc- 
tivity wo make .sure that no accident has happened ; then the concen- 
tration in the principal vessel is changed by forcing one or more drops of 
the concentrated solution from the small spherical vessel into the principal 
vessel and the next measurement can start. 

A consequence of this construction was that the observation window 
in the sealed-on capillary was at a distance of some 15 cm. from the 
nearest end of the cai->illary proper, which itself measures only some 5 cm. 
If the sealed-on capillaries had the same width as the capillary proper, 
they would offer resistance to the electr osmotic flow three times as large 
as the resistance of the capillary proper, so that corrections of more than 
100 % would have to be applied to the result of the measurement. In 
order to avoid this, the sealed-on capillaries were taken 2 or 3 times as 
wide as the capillary proper ; if the radius of the capillary proper is r, 
those of the sealed-on capillaries and r^, and the lengths of the liquid 
thread in these capillaries li, and respectively, it can be easily proved 
that equation (7) must be replaced by 
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■ (8) 

4"’? L 1 1 ^ 

• (9) 


With /a// 3, ^ 3, the value of the correction terms are 3/81 ^ 

per cent., a permissible amount. The values of and must be deter- 
mined in each experiment. They were measured with regard to two fixed 
marks determining two constant lengths and L^. 

3. The reliability of the method was tested by measurements on two 
sets of 3 capillaries, all from identical glass ; the capillaries I, II and III 
were all of the same diameter ; two were cut from the same capillary, 
one next to the other ; the third from another capillary. In the set 
I, IV, V the ratio was varied, and the value of r too (by a factor 2-5) ; 
the data are given in Table I. 


TABLE I. 



r. 


/a. 

L 

ho* 

^ 20 * 

I . 

cm 

0-01095 

0*03485 

0-03392 

4-80 

7*20 

15*30 

II . 

0-01122 

o- 0359 (,) 

0-03667 

475 

5‘40 i 

15*20 

Ill . 

0-01099 

0*0371(3 

0*03716 

4'95 

775 

14*50 

I . 

0-01095 

0*03485 

0*03392 

4-8o 

7*20 

15*30 

IV . 

0-01099 

0*02450 

0*02560 

4-95 • 

4-95 

15*20 

V . 

0-02485 

0*05159 

0*05209 

4-65 

7*30 * 

14*80 


The times were read tiff by means of a Hartmann and Braun stop 
clock, giving tenths of a second ; they varied from 3 to 10 seconds. 

The apparatus was cleaned by means of a mixture of warm HNO3 
and H2SO4 ; the former (1) solution, consisting of K>iCT./D^ and H2SO4 
was rej ected, in order to exclude the possibility of charging the glass wall 
with Cr+++-ions. 

The results of the experiments with the two sets of capillaries are 
given in Table II ; the electrolyte used was KCl. 


TABLE II. [KOI; (-Q in mv.] 


c, 




-k- 


1 

1 

0 

154*4 

i 55'<5 

i.‘) 7-4 


144*2 

153*2 

I 

151*3 

149*4 

153 * 1 ^ 

145*9 

139*9 

145-9 

2 

148-8 

l48.(, 

149*3 

142*3 

i30-<) 

142*3 

5 

145*0 

142-0 

X 47-2 

137*1 

131-7 

137*1 

10 

140*6 

139*3 

142-1 

132*9 

127-7 

132*9 

20 

134*5 

133*0 

137*3 

129*1 

123-5 

129*1 

50 

125*5 

123*6 

128*2 

120*1 

109-8 

120*1 

100 

117*3 

114*7 

ii8-6 

114*5 

106-9 

114-5 

200 

109*6 

io6*3 

112*8 

105-9 

98-6 

105*9 

500 

94*9 

91*4 

97*0 

88-6 

83-2 

88*6 

1000 

79*4 

76*3 


76*3 

69-3 

76*3 


From Table II we see that, although individual influences (of the solu- 
tion or of the capillary) are undeniable, the variations in the ^-potential, 
derived from these widely different measurements remain generally smaller 
than 10 mv. 
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We therefore conclude that the new method can give reliable ^-values ; 
by means of this method ^—c curves have been determined for solutions 
of I — I, 2 — I, 3 — I and 4 — 1 -valent electrolytes, the results of which 
are given in section 4. We shall note that the curve obtained for KCl 
has the same shape (ab^ , 

sence of a maximum) as 24 o\ — 

the “ true C—c curves '' jjjj t ~ 

found by means of stream- ^ 1 

ing potentials (surface \ ' 

conduction taken into ^ 

account), but that an 200-^^, 

important discrepancy 

exists between the numeri- 

cal values of I (Fig. 3) ; ^ . 

this discrepancy is the ^ ; 

subject of a further in- ' iqq ZZZ!' 

vestigation. 

4. The electrosmotic 
velocity at 22*5° C. of solu- 

tions of KNO3, NH4NO3, 130 

LiNOg, CsNOg, AgNOg, }20 

and HNOg ; of KCl, KI, !' 

KOH, K2SO4 and K^FeCy^ 
at a concentration of o, i, 

2, 5, 10, 20, 50, 100, 200, ' 90 

500, 1000, 2000, 5000, and ^0 

io,ooo/A equiv.// was ^ 

measured. Each measure- 
ment was performed in 

duplicate with capillaries 30 

I and IV ; the ^-values, 

obtained from these differ- ^ 

ent capillaries agreed very 

well indeed ; the mean ^ 

was taken, and log .c 10 

curves are given in Figs. 4 0 /d M 3 d sd 60 \ s^JQO 

and 5. The l~c curves, Piq, 

Curve I : (-^)-c-curve from streaming potentials, 
and KOH (and of KNOg) jl . (/n-c-curve from electro-endosmosis. 

have a special character. 

Similar measurements were performed on solutions of 2-1 -valent 
electrolytes : Zn(N03)2, Mg(N03)2, Ca(N03)2, Ba(N03)2. The results are 
given in Fig. 7. 

Similar measurements were carried out on solutions of A1(N03)3, 
La (NO 3) 3, Ce(N03)3 and Th(N03)4; further, on solutions of electrolytes 
with a capillary active cation or anion, viz. of crystal violet and of sodium 
isobutylnaphthalene sulphonate. The results are given in Fig. 8. 

In Fig. 9 we give a survey of the various types of results, obtained. 


Curve I : (-^)-c-curve from streaming potentials. 
Curve II : (-^)-c-curve from electro-endosmosis. 


Discussion of Results. 

It is seen from Figs. 4, 5 and 6 that all Hog 0 curves for electrolytes 
with univalent cation have the same character, those for HNO3 and KOH 
excepted. For solutions of HNO3 the relation between ^ and log 0 is 
linear ; for solutions of KOH the value of ( — ^) rises strongly if we pass 
from pure water to a concentration of i/x equiv./i. This behaviour is 
exactly what one would expect for the total difference of potential c, 
measured with a hydrogen-ion electrode ; for in this case e is given by 

R'T -f ^ I n 1 

€ = — In — = Co + 0-058 log 
nF Cq 
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For HNOa the slope of the c-log c curve, however, is not 58 mv., but 
only 32 mv. tliis discrepancy can be explained m various ways ; it can 



Fig, )dog c-curves. Fig. 5.— c-curves. 

be assumed, e.g. that Cq, the H-ion concentration in the glass wall, is not 
a constant, but depend.s on the H-ion concentration in the liquid 
according to 

For then e = 0-058 log ~\- 0-032 log c. 



Fig. (k 
( — J)-c:-curvos. 


The way in which the glass wall absorbs H-ions from the solution 
can therefore be represented by Freundlich's well-known adsorption- 
isotherm. 
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The l-log c curves for the i-i-valent salts (Figs. 4 and 5) are all of the 
same character : In the region of i-ioo equiv./^ they have a feeble 
slope, a strong curvature at some looju. equiv.//, and from 200-10, oqo{l 
eqaivjl are almost linear with a slope of 42 mv. 

In the region from i-ioo/a equiv. /? the wall behaves principally as a 
H-ion electrode : since the concentration of H-ions does not change on 
addition of salt, neither does the ^-potential change ; in the region of 
strong curvature, between 100 and 200 jx equiv.//, the wall changes from 
a H-ion electrode to a K, Li, Cs, NH^ or Ag-ion electrode. 

For the solutions with bivalent cations very nearly linear ^-log c curves 
have been obtained (Fig. 7) ; the slope is 25 to 26 mv., very near to the 
value of 29 mv. for a txaie Mg, Ca, Ba or Zn electrode. The horizontal 



Fig. 7. 

(^ — )-log c-curves. 


part in the curve, which seems to be missing in Fig. 7, was easily brought 
to light by measurements on Ca(N03)2 at o*oi, 0*02, 0*05 and o*i/x. equiv.// 

(Fig, 9)* , 

It would be of interest to compare these results for C with direct measure- 
ments of € by means of a glass-electrode, blown from the glass of the 
capillary, with which these ^-values have been obtained ; as we did not 
have the opportunity to carry out these measurements, let us compare 
our l-c curves with the e^c curves of other scientists (Horowitz, ® Freundlich 
and Ettisch,* Lengyel and - Blum, ^ TendelCo and Zwart Voorspuy®). 
Now Horowitz, working with Jena glass 16^ has already come to the 
conclusion, that in certain concentration intervals this glass behaves as 
a Na-ion electrode, as a Ag-ion electrode, hence this result for € agrees 
perfectly well with our results for ? for i-i and 2-1-valent electrolytes. 

In the case of the 3-1 and 4-1 types of electrolytes, and of the capillary 

^Hdrovitz, Sm, Akad, Wiss. Wien, 1925. I34, nA, 335, 355- 
^ Freundlich and Ettisch, Z. physik, Ch., 1925, no, 401. 

Lengyel and Blum, Trans. Faraday Soc., 1934, 461* 

® Tendeloo and Zwart Voorspuy, Rec. Trav. Dhim., 194^/ 53i* 
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active electrolytes, the linearity of the ^-log c curves has completely dis- 
appeared, We think therefore that the influence on the {-potential in 
these cases must be ascribed to some other mechanism as in the fore- 
going cases. This agrees with the result of Freundlich and Ettisch,^ 
that a small quantity of Th(NOji)4, which was sufficient for a reversal of 
sign of the {-potentiab was of practically no influence upon the e-potential. 



This leads us to Fig. lo, for the potential, from whifch by application of 
Poisson's equation the density of electric charge may be deduced ; we 
see that a triple layer results. 

The same explanation might hold for crystal violet : the capillary- 
active cations tend to leave the water, and concentrate at the glass wall, 
charging it positively ; the Cl ions remain in the diffuse outer layer, 
charging it negatively ; the original negative charge inside the glass 
remains unchanged. 
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We sought support for this interpretation of the behaviour of crystal 
violet by experiments with an anion-capillary-active electrolyte, sodium 
^sobutylnaphthalene sulphonate, as we hoped that .addition of this electro- 
lyte would charge the wall more strongly negative. But the “ symmetry '' 
of the two experiments was too incomplete. We had, it is true, reversed 
the charge of the ion to be expelled from the water, but in the second 



Fig. 9. — ( — c-curzes. 

experiment we could not prevent the wall from acting as a Na-ion exchange 
electrode, with as a consequence the production of a ^-log c curve of the 
well known type for univalent electrolytes. 

Finally, together with Mr. Delfosse ’ a series of experiments was 
performed on organic solvents. The dimensions of the apparatus were 
adpated for working with small amounts of liquid (30 c.c. ; Fig. it). 

’ De Smet and Delfosse, Bull Acad. Roy. Belg., IV, No. 10, 1942. 

27 * 
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NL plays the part of the principal vessel, M that of the auxiliary one. 
The capillaries are mounted at Cj and Ca, the change of concentration is 
effected through D, the conductivity measured at E. The apparatus 
can rotate along the axis xy ; in order to avoid loss of liquid by evapora- 
tion, capillaries were used as connecting tubes between the apparatus 
and the system of taps. KI was used as an electrolyte. The solvents 
were the purest products of vScliering-X^ahlbauni ; the alcohols were dried 
on sodium, distilled in an all Jena ghiss apparatus with a long 

fractionating column ; acetone subjected to one single distillation had a 
specific conductivity reduced to less than lO””’ ohm’^i cm.-^. The results 
are given in Fig. 12 (on a logarithmic scale) and Fig, 13 ; the values of 
the conductivity of the pure substances are also given in the table. 




Fig. 10 . — Charge distribution (triple Fig. ii. — Schematic drawing of 
layer), following from i/;-curve apparatus for measurements 

for Th(N03)4. with organic liquids. 

We draw attention to the fact that with a x-i-valent non-capillary- 
active electrolyte (KI) reversal of charge could be obtained in a number 
of cases. It is further interesting that the horizontal part of the f-log c 
curves is most pronounced in the case of water, then methyl-, ethyl-, n- 
and fsc»“propylalcohol follow, finally acetone. 

We now compare our results for the pure substances with those of 
earlier workers (Table HI (-S) in mv.). The relative data of Coehn 


TABLE ni.^ — ^Values of {— {) for Pure Substances. 



Quincke 

and 

Terescliin. 

Cgehn iinil 
Rayclt 
(acetone). 

Coelm and 
Raydt 
(water). 

I'^airbruther 

and 

Bulkin. 

Our results. 

D. 

Water 

60 

264 

148 

55 

148 

80 

Methylalcohol . 

40 

238 

133 


123 

35 

Ethylalcohol 

1 So 

233 

130 

— 

170 

24 

Acetone 

— 

230 

129 

62 

230 

21 

M-Propylalcohol . 

— 

184 

104 

55 

139 

19-5 

/ 50 -Propylalcohol 


— 

— 


150 

i8*3 


® Quincke and Terescliin, Wied. Ann., 1887, 32, 333. 

® Coehn and Raydt, Ann. Physique, 1909, 30, 777. 
Fairbrother and Balkin, J. Chem. Soc., 1931, 389, 1564. 
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and Raydt have been converted into absolute ones, just by equating their 
value for water, and then by equating their value for acetone to ours ; 
the last column contains the values of the dielectric constant D of the 
various liquids. As will be seen from the last two columns, our results 
do not agree with Coehn and Raydt's rule. 

Summary. 

A new method for the measurement of the electro-endosmotic velocity 
has been developed. The velocity with which a thread of liquid in a capil- 



lary moves under the influence of an electric field of 120-60 v./cm. is 
measured by means of a microscope with ocular micrometer ; the values 
of the ^-potentials calculated from these measurements proved to be 
independent of the radius of the capillary over a 2*5-fold range. C- 
potentials have been determined for aqueous solutions of KNO3, NHjNOg, 
UNO,, CsNOg, AgNOg, HNO3, KCl, KI, KOH, K2SO4, and K^FeCyg, 
at concentrations of o, i, 2, 5, 10, 20, 50, 100, 200, 500, 1000, 2000, 5000 
and io,oooy:x equiv./^. for solutions of Zn(N03)2, Ca(N03)3, Mg(N03)3 
and Ba(N03)2 at the same concentrations ; for solutions of A1(N'03)3, 
L^(N03)3 Ce(N03)3 at concentrations of o, o-oi, o-i, i, 10, 100, 1000 
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and io,ooojLi eqmv./L and of Th(N03)4 at concentrations of o, o-ooi, o-oi, 
0*1, I, 5, 20, 100, 500, 2000 and io,ooo/x eqiiiv./^ ; on solutions of crystal 
violet and of sodium Mobiityl naphthalene sulphonate (substances with a 
capillary-active cation or anion) between o-oi and 5000 or lo.ooop. equiv./Z. 

The results obtained can he interpreted in the following way : — 

For the electrolytes with univalent cations, the ?-log c curves are all 
of the same character, except those for HNO^ and KOH ; for solutions 
of HNO3 the glass wall behaves in a certain sense as a H-ion electrode ; 
the same holds for very dilute solutions of KOH ; for all the other electro- 
lytes of this group (KNO.,, NH4NO3, LiNO;,, CsNO,, AgNO, . . .) the 



wall behaves as a H-ion electrode between 0 and loo/x equiv./^, a 

K, NH4, Li, Cs or Ag-, . . . electrode between 200 and io,ooo/x equiv./^ 
(fairly linear Hog 0 curves in this region, however, with a slope of 42 mv.). 

For the electrolytes with divalent cations, the glass wall behaves as 
a perfect Mg, Ca, Ba, or Zn electrode (linear ^-log c curves with a slope 
of 25 to 26 mv,). 

For the 3-1 and 4-1 types of electrolytes, as well as for crystal violet 
and sodium wobutylnaphthalene sulphonate the linearity of the ^log c 
curves disappears completely. This behaviour must therefore be explained 
in a different way. 

Finally the apparatus was adapted to measurements with organic 
solvents, and ^-potentials determined for solutions of KI in water, acetone, 
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methyl-, ethyl-, n-propyl- and isopropyl-alcohol at concentrations of 
o, I, 2, 5, 10, 20, 50, 100, 200, 500, 1000, 2000, 5000, 10,000 and sometimes 
50,ooojLt equiv./i ; the ^-log c curves do not differ in principle from those 
obtained for water ; the extension in concentration at which the glass wall 
behaves as a H-ion electrode decreases in the order : water, methyl alcohol, 
ethyl alcohol, ^z-propyl alcohol, isopropyl alcohol, acetone. In the cases of 
ethyl, w-propyl and isopropyl alcohols the sign of the ^-potential could 
be reversed by means of KI. 

Laboratory of Physical Chemistry, 

University of Ghent, Belgium, 


ON A DIRECT CALCULATION OF THE VISCOSITY 
OF A LIQUID, BOTH UNDER ORDINARY PRES- 
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VISCOSITY OF ITS VAPOUR, ON THE BASIS 
OF A NEW EQUATION OF STATE. 

By D. B. Macleod. 
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Introduction. 

The author has developed a revised equation of state on the assumption 
that the volume of the molecules, in a fluid, is a function of the total 
pressure within the fluid. Van der Waals' equation of state was written ^ 

{p -I- alv^)\y — + CP 2 )] = RT 

where P ^ p a/v^. 

Tins idea of a compressible molecule was used, in a later paper,® to explain 
the failure of Bakker's equation for the latent heat of vaporisation. By 

introducing an extra term p’^PdZ), into Bakker's equation, calculations of 
the latent heat of vaporisation, agreeing with the experimental values, 
were made. The term f Pd& represents the actual work done on the mole- 

‘ • X 

cules themselves. In this paper, this work term is used as a basis of a 
new theory of viscosity and, in fact, for a new theory of the fluid state. 

Attempts to explain the viscosity of liquids have been made by two 
different methods of approach. On the one hand, Andrade ® has developed 
a theory based upon the idea of a transference of momentum. On the 
other hand, various authors have developed equations of the form 
y = in which attempts have been made to relate Q to the latent 

heat of vaporisation, the latent heat of fusion or to forces residual from 
the solid state. The values of Q, however, although appearing to bear 
some relation to these quantities, was in no sense identical with them. 


The Viscosity Equation. 

The author ^ has shown that the frequency of vibration of a molecule 
could be expected to be proportional to VT/(y •— Vq) where (w —Vq) stands 
for the free space within the liquid. If, now, Q stands for the actual work. 


^ Trans. Faraday Soc., 1944, 40. 439 * 
® Phil. Mag., 1934, 497> ^9^. 


® Ibid., 1945. 4 ^ 122 . 

^ Proc. Physic, Soc., i 93 ^» 7 ^^* 




772 


CALCULATION OF VISCOSITY OF A LIQUID 


per gram molecule, done on the molecules themselves, clue to their com- 
pressibility, it might be expected that the viscosity of a liquid could be 

written wo — where A is a constant ; ^ — - represents 

' t; — 

the ratio of the free space, to the total volume, at any given volume. On 
applying this equation to an actual liquid, namely carbon tetrachloride, 
for which the quantity Q had already been worked out and published,* 
it was observed that the product A VX came to a quantity of the same 
order as the viscosity of a vapour. The equation was, therefore, amended 
and the viscosity of the liqahd written directly in terms of the viscosity 
of the vapour, by the equation 


— '>7vap • 






As 


VJy — 6(j ^^vap 

■ is practically unity, the equation could bo written 


Vo 







All the quantities in this equation had been previously determined and 
published h a for three substances, namely, pentane, carbon tetrachloride 
and benzene. It remained, therefore, a simple matter to test its adequacy. 

It must be understood that neither bo nor Q are constants but both 
can be obtained, at any temperature, from the revised equation of state, 
that is, without reference to actual viscosity measurements. It will be 
observed that the equation presents no difficulties, from the point of view 
of dimensions, because both Vq/{vq — bo) and Q/R'X are pure ratios. In 
the vaporous conditions, where — be)/vQ becomes unity and Q becomes 
negligibly small, the viscosity of the liquid merges into that of: the vapour. 
It is, also, noticeable that if the molecule be considered incompressible, 
so that Q is o, the equation develops into a form, which attributes the 
viscosity merely to a transference of momentum. In this form it has 
already been discussed by the author ^ and successfully applied to mon- 
atomic substances. In view, however, of the results of this paf^er some 
revision may be necessary in the ti*eatment, even of these substances. 

It is propo.sed now to apply this equation to the three mentioned 
substances. It will be admitted that the nuinlicr of substances chosen 
is small, but as these sul,)stances are typical and taken at random, there 
seems no reason why a similar agreement should not 1)0 obtained with 
other substances. Further, all the constants rociviired have already been 
published, It is necessai'y, however, to draw attention to the fact that 
the original equation of state was developed on the, admittedly, ap- 
proximate assumption that at the critical temperature ho is e([ual to Vo/2, 
The nature of the argument in the original paj^er ^ indicated clearly tliat 
a variation from this value should be expected in individual sul)staiiccs. 
This variation, if sufficient to be important, could only be determined, 
however, by trial and error methods. 

An unfortunate handicap proved to be the lack of some of the desired 
experimental data. The viscosity of benzene vapour from o“ C. to 200° C. 
is obtainable from the values given in the International Critical Tables. 
The viscosity of the liquid up to the boiling point can also be obtained 
from the same tables. Fortunately the viscosity of liquid benzene, for 
a further hundred degrees above the boiling point, is given in the L.B.M. 
Tables. This enables a study for benzene to be carried over a range of 
200° C. The author was xmable, however, to find a value for the viscosity 
of carbon tetrachloride vapour. Values, to be compared with experi- 
ment, have, however, been computed. The viscosity of isopentane vapour 
was obtainable, but not that of pentane. It is not likely that they will 



D. B. MACLEOD 


171 

differ much. ' A complete study is given for benzene and the other sub- 
stances carried forward as far as possible at present. 

Table I for benzene is explained as follows : column I gives the absolute 

TABLE I. — Benzene. 
a — 2-075 X loL 


Temp, 

“ K. 


»?vap. obs. 

Mol. vol. 

a 

w — 6. 

b. 

Qi. 

Qa. 

Qa. 

273 

O-O29025 

0*04686 

8675 

2755 

8-29 

78-46 

1392 

1372 

T372 

283 

O-O2759 

0*04723 

8779 

2690 

8-8o 

78-99 

1364 

1322 

1344 

293 

0*03649 

0*04750 

88-84 

2627 

9*34 

79*50 

1322 

1284 

1302 

303 ! 

0*02562 

0*04775 

89-90 

2565 

9-89 

80*01 

1290 

1250 

1270 

313 1 

0*02492 

0-04798 

91*06 

2494. 

10-50 

80-56 

1257 

‘ 1220 

1237 

323 ! 

0-02437 

0-04820 

92-20 

2439 

11-09 

8i-ii 

1225 

1190 

1205 

333 1 

0-023905 1 

0-04844 

93*46 

2374 1 

11-74 

81*72 

1190 

1170 

1170 

343 

0*02351 

0-04863 

94-67 

2313 

12-41 

82*26 

1160 

1140 

1140 

353 

0-02317 

, 01O4882 

95-96 

2251 

13-12 

82-84 

1130 

1115 

IIIO 

373 

0-02263 

0-04918 

9S-4O 

2143 

14-60 

83*8 

1050 

1072 

X050 

404 

0-O2I97 

0-O4995 

103-2 

1953 

17*2 

86-0 

930 

956 

930 

434 

0*02154 

0-O3168 

108-7 

1760 

20*5 

88-2 

830 

850 

830 

459 

0*02125 

0-03115 

114-4 

1597 

24-8 

89-6 

760 

7S0 

760 


temperature, column II the experimental viscosity of the liquid, and column 
III the experimental viscosity of the vapour. Column IV gives the 
molecular volumes from the best available figures. Column V gives the 
total pressures, p a using for a the value 2-073 X 10 already pub- 
lished,^ Column VI gives the free space w — 6 = H- ajv^). Sub- 

tracting {v — h) from the molecular volume, column VII, representing 6, 

P6b 

^1 

was given as logo calories per gram molecule at 363° k. The values in 
this column, above this temperature, are those previously determined. 
The values below this temperature were obtained by multiplying the change 
in h by the mean pressure between each 10° C. and converting into calories. 
All the quantities x'equired to calculate the viscosity of the liquid from the 
vapour or of the vapour from the liquid are now available. 

Assuming, for example, the value of the viscosity of the liquid at 
the corresponding value for the viscosity of the vapour will be given, 
from, the above figures, using the equation 


1392 

546 o = o-Oi668. 

The experimental value at 0° C. is 0-O4686. 

The nature of the subsequent agreement can be seen by comparing 
Qz, which has been calculated, using the observed values of the viscosity 
of the liquid and vapour, assuming Q as the unknown. The agreement 
is actually more satisfactory than that indicated by these two columns. 
As already indicated, the values of Qi below 3^3° were obtained from 
the value of 1090 for 363° quoted from the earher paper. This value was 
obtained by the method of estimating squares and as the total heat in- 
volved was of the order of 7000 calories, no attempt was made to secure 
great accuracy in a figure involving an error of one in seven hundred. 
If the basis value at 363° be taken as 1070 instead of 1090, as in the last 


'»?vap — ♦ 




8-29 

= 0-009025 X ^ X e 
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column, 03 , the similarity of the two coliimiivS is more marked. The equa- 
tion connecting the viscosity of the liquid and the vapour has, therefore, 
been followed over a range of nearly 200° C. and the divergence is not 
more than 2 to 3 %. Further, the equation enables the viscosity of the 
fluid to be traced continuously right through the critical condition. Un- 
fortunately no experimental data are available for the viscosity of a fluid 
in the neighbourhood of the critical condition, due no doubt to the technical 
difficulty of devising a method for measuring viscosity under these 
conditions. 

It must be admitted that the success of the above analysis gives strong 
support to the physical reality of the quantities used, It also indicates 
that the quantity, missing hitherto, to give a Scitisfactory explanation of 
viscosity, is the actual work done on the molecules themselves. 

The next substance to be discu.ssed is carbon tetrachloride, set out in 
Table 11 . As already mentioned, the experimental values for the viscosity 

TABLE IL — Carbon Tetrachloride. 
a — 2-2i6 X 10’. 


“ K. 


Mol. vol. 


- b . 

h . 

<?1. 


1 ’Ivap. 
(calc.). 

273 

0'0I346 

94-20 

2497 

9-X5 

85-05 

1321 

1294 

0-04X16 

283 

0-OII33 

95*35 

2438 

9*71 

85-64 

1286 

1260 

0*04X18 

293 

0*00969 

96-52 

2379 

10-31 

86*21 

1253 

1231 

0*04X22 


0-00842 

97-68 

2322 

10*92 

86*76 

1220 

1207 

0*04X25 

3:13 

0-00738 

98-95 

2263 

11*57 

87*38 

1187 

II8I 

0*04X28 

323 

0-00654 

100-22 

2207 

12-25 

87*97 

1156 

1159 

0*04X31 

333 

0-005825 

101-55 

2150 

12-96 

88-59 

1124 

1136 

0*04X37 

343 

0*00524 

103-00 

2090 

13*74 

89-26 

1090 

1115 

0*04X43 


of the vapour were not available. The last column gives values computed 
from the liquid. The column 0 ^ has been obtained, as in the case of 
benzene, from the value of 1060 cal., quoted from the earlier paper, at 
353° K. While unable to check the absolute values of the viscosity, their 
rate of increase, with temperature, bears a close resemblance to that of 
benzene. It might well be, however, that the absolute value may be in 
error 10 % or more. The column headed 0 ^ has been calculated from 
the equation 

-JL " ^ 

Vf ’ 

In this equation the experimental value of the vapour vi.scosity has been 
replaced by the quantity A Vr/'. The simple Maxwell theory of the vis- 
cosity of gases leads to such an expression but it is well known that actual 
gases and vapours show a much greater increase of viscosity, with ri.se of 
temperature, than indicated by the simple theory. 

While the analysis for this substance is less complete than in the case of 
benzene, it indicates that the quantity 0^ is of the right order to connect 
the viscosity of the vapour with that of the liquid, by the equation proposed. 

The remaining liquid to be discussed is pentane. Here a comparison 
has been made with the viscosity of isopentane vapour, that of pentane 
not being available. The column 0 ^ has been obtained from the published 
value of 01 for 313° k., namely, 920 cal- It will be observed that the 
absolute values in this case are considerably lower than the quoted ex- 
perimental values. The change with temperature follows, however, the 
experimental figures closely, In view of the processes involved in the 
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computation of Q, an agreement for the absolute value, within a few per 
cent., could hardly be expected. Further, as Q comes in as an exponential 
term, a small error in its original estimation has a marked efiect on the 
calculation of the viscosity. 


TABLE III. — Pentane. 
a ~ 2'ii4 X lo^ 


Temp. 

K. 


Mol. vol. 

a 

u — 6. 

b . 

Q. 

^vap. 

calc. 

rjvap. obs. 

273 

0-02283 

III-I 

1712 

13*3 

97-8 

1053 

O-O450 

0*0463 

283 

o-Oa 255 

112-8 

1662 

14*3 

98-5 

1025 

0*0453 

0*0466 

393 

0-02232 

114*5 

1613 

15-2 

99'3 

993 

0*0456 

O-O469 

303 

0-O2212 

ii6*5 

1561 

16-3 

100-2 

960 

0-0461 

0*0473 

313 

(0-02193) 

118-8 

1498 

17*5 

IOI-3 

920 

0-0465 

0-0476 


Viscosity Under Pressure. 

It is now proposed to apply the methods used above to analyse the 
data for the viscosity of pentane under pressure. The standard experi- 
mental work, in this field, has been done by Bridgman and the experi- 
mental quantities used have been taken from his book, The Physics of High 
Pressure, It has been the fate of other equations proposed for liquids 
under ordinary conditions, that they have been unable to predict the 
very high viscosities revealed by Bridgman's measurements. Bridgman 
himself suggested a possible interlocking of the molecules to account 
for these very high values. He expressed doubt that a mathematical 
expression could be obtained to analyse the results. It will be shown 
that, without any other than energy considerations, the experimental 
values can be explained with precision. As both benzene and carbon 
tetrachloride solidify under a pressure a little above 2000 atmospheres, 
the discussion in this section will be confined to pentane. For this 
substance, data are available up to 10,000 atmospheres. At that pressure 
the viscosity of the liquid is some forty times that of the liquid under 
ordinary pressures and consequently several thousand times that of the 
vapour. 

Bridgman gives the relative volumes for pentane at temperatures of 
0° C., 50° C. and 95° C., for pressures up to 10,000 kg. per sq. cm. Un- 
fortunately his viscosity measurements were made at 30° C. and 75° L. 
It was necessary, therefore, to obtain the relative volumes at 30° C. by 
interpolation between 0° C. and 50° C. The final calculations showed 
that the small uncertainty in this interpolation could be important. It 
has been remarked that other equations have failed to explain the very 
high values reached by the viscosity of the liquid under pressure. It was 
soon apparent, however, that the author’s equation, applied directly, 
gave calculated values several times as great as the observed values. It 
was also obvious why this was so. The equation of state, proposed by 
the author, assumed that in a liquid, under ordinary conditions, the internal 
forces are of the nature of attraction. Bridgman (pp. 140 and 141) points 
out that this actually is so. It is proved from the thermodynamic relation 



At low pressures the second term is negligibly small and as the first term 
is positive, the internal energy decreases with increasing pressure. At 
higher pressures, the second term increases so that, when these two quan- 
tities become equal, the repulsive force neutralises the attractive force. 
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and the effective pressure on the liquid is then exactly the applied pressure. 
The pressure at this point ivS given by 



Further, the relative magnitude of the repulsive force to the attractive 


force at other pre.ssurcs is given by the ratio of p 



that is As the attractive force is computed throughout 

by the quantity the repulsive force can he obtained dhectly from this 
quantity by multiplying by the above ratio, computed directly from the 
observed values of p, v and T. For pentane the reversal occurs at 30*^ C. 
between 6000 and 7000 kg. per cm.^ pressure. It ivS, therefoi*e, necessary 
to write the equation of state for liquids under pressure as 




RT. 


The quantity a being the original value of a obtained for the substance, 
the whole quantity within the lirst bracket can be determined directly 
from the experimental figures. Dividing RT by this quantity enables 
{v — b) to be obtained as before and h computed. 

One further step remains to be taken. Writing the repulsive force, 
for brevity, as /(P), the equation of state can be written 


q. a/v^)(v ^ b) RT +/(P)(w Z^). 


The two terms on the left-hand side of the equation represent the work 
being done on the liquid causing it to contract, and the two terms on the 
right the work being done by the liquid in opposing the contraction, 
The first term on the right represents the resistance due to the average 
kinetic energy of the molecules, while the second represents a static re- 
pulsive force. It would, in fact, be possible to reproduce the same 
resistance to contraction by dispensing with the repulsive force and re- 
placing it by an increase in the average kinetic energy of the molecules. 
In that case a hypothetical temperature T' might be added to T such 
that f{P) {v — 5 ) =:= RT\ It would then be the obvious thing to replace 
jR 7 ' in the expression by R(T ~\- T'), From these considerations, 

the viscosity of a licpiid at pressure p would lie expressed in terms of the 
viscosity at a pressure 0 by the erquatioii 


5^0 ‘^1 


where Q is the work done on the molecules themselves in passing from a 
pressure o to p. All the quantities here involved can be obtained directly 
from the experimental measurements of p, v and T and in no way involve 
the viscosity measurementvS themselves. 

The next table sets out these quantities computed directly from the 
experimental figures, for pentane, supplied by Bridgman. The logarithms 
of the observed and calculated viscosities are compared in the last columns. 

Column I gives the applied pressures in kilograms per sq. cm. Column 
II gives the molecular volumes and column III a/v^, using the previous 

value of a namely 2-114 x loC The quantities 7= — which, 

multiplied by column III, give the repulsive force in column IV, were 
carefully computed by my assistant, Mr. Roth, and. myself. The sum of 
columns I and III less IV, gives Po, the effective pressures. The successive 
values of Q were obtained by multiplying the change in volume of b by 
the mean pressure and converting into calories. The method of obtaining 
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MT' has been explained. The observed and calculated viscosities are 
then compared. 

TABLE IV. — ^Pentane at 303° k. 
a = 2*114 ^ 


Pr. in 
kg, 

Mol, vol. 

a 

1 

m - 

Pe. 

V — b . 

b . 


Rr. 

Logjj 

calc. 

Logij 

obs. 

0 

ii6*4 

1556 

0 

1556 

16*30 

100*1 



_ 

_ 

1,000 

102*7 

2005 

671 

^^334 

10*87 

91-83 

384 

175 

0-334 

0*315 

2,000 

98*64 

2253 

IIIO 

3x43 

8*07 

88-77 

200 

— 

— 

— 

3,000 

93*00 i 

2444 

1570 

3874 

6-54 

86-46 

X 93 1 

— 

— 

— 

4,000 

90*22 

2597 

1940 

4657 

5-45 

84-77 

172 

253 

0-845 

0*847 

5,000 

88*02 

2728 

2364 

5364 

4-73 

83-29 

177 

— 

— 

— 

6,000 

86*11 1 

2851 

2752 

6099 

4*r6 1 

8 i -95 

183 

— 

— 

— 

7,000 

84-45 

2964 

3162 

6802 

3*73 

80*72 

189 

— 

— 

— 

8,000 

82-96 

3073 

3373 

7700 

3*29 

79*67 

x82 

265 

1-385 

x* 36 o 

9,000 

8i-8o 

3160 

3576 

8584 

2*95 

78-85 

169 

— 

— 

— 

10,000 

8o-8o 

3240 










It must be agreed that the result is a complete vindication of the 
method. It means, in fact, that with a moderate uncertainty in the 
absolute value of the viscosity of the vapour, the viscosity of pentane 
has been followed continuously from the vaporous condition to that of 
a liquid at 8000 atmospheres, through a range of several thousand times, 
without the introduction of a single arbitrary constant. Further, it is 
based upon an entirely new view of the nature of fluids, replacing the 
conventional incompressible molecule by one for which the compressi- 
bility has been determined and for which the work done on it has been 
computed. 


Sumntary. 

(1) The viscosity of a. liquid has been calculated from the viscosity 
of its vapour, by using the vibration frequency and the work done on the 
actual molecules, during the condensation from the vapour to the liquid. 

(2) This work had been computed in an earlier paper and depends on 
the postulate of a compressible molecule, 

(3) The viscosity of pentane up to 8000 atmospheres has been cal- 
culated directly from the liquid under no pressure without the introduction 
of any arbitrary constants. 

In conclusion I wish to express my thanks to Mr, Roth and Major 
Straker for their assistance with the computations involved in this paper. 

Physics Department, 

Canterbury University College, 

Christchurch, Neiv Zealand. 



THE ADAPTATION OF BACT. LACTIS AEROGENES: 
TO HIGH CONCENTRATIONS OF PROFLAVINE, 


By D. vS. Davies, C. N. Hinshelwood and J. M. G. Pryce. 

Received ^th June, 1045. 

Adaptation to High Proflavine Concentrations. 

Spontaneous Reversion. — Previous work lias shown that Bad. ladis 
aewgenes, when grown in media containing proflavine at a given con- 
centration, P, acquires imiminity to the action of the drug at all con- 
centrations up to a value which just exceeds P itself. A series of strains 
differing quantitatively in tolerance to proflavine may be obtained by 
training at various drug concentrations. The mechanism of this adaptation 
has been discussed in terms of a simple model, in which the expansion of 
particular enzymes is assumed to compensate their lowered activity.^ 



The drug aflects lag and growth rate, qualitatively, in a similar way. 
The influence on the lag is, however, more marked, and has been chosen 
in the present work as the criterion of adaptation. 

The question arises whether there is any limit to the degree of adapta- 
tion attainable, In the earlier work, concentrations up to 430 mg. /I. 
were studied. The range has now been extended to 3300 mg. /I. Adapta- 
tion still occurs, but at the higher concentrations the response is in certain 
respects rather different. A strain trained at a low value of P will not 

^ Davies, Hinshelwood and Pryce, Tvans, Faraday Soc., 1945, 41, 163, 

778 



D. S. DAVIES, C. N. HINSHELWOOD AND J. M. G. PRYCE 779 

grow at all at (P + 50), whereas for P = 436 the strain will grow up to 
1540 mg. /I. (though with increased lag). Further training at P = 1540 
confers practically complete immunity to 3000 mg./l., the highest con- 
centration which it was practicable to use (Fig, i). 

For the higher values of P the attainment of maximum immunity 
requires ten to twenty subcultures in contrast to the rapidity of the 
.adaptation at the lower values of P. 

A somewhat complex picture is presented by the behaviour of trained 
■cells when returned to the normal medium. Those trained at P = 43 
retain their immunity during many subsequent passages through the 
drug-free medium, but those trained at P = 1540 show a marked reversion 
after a few passages. Under normal circumstances this reversion is far 
from complete, but stops at a definite equilibrium state. The residual 
immunity, which is still considerable, persists during many subcultures 
in the normal medium. These facts are illustrated in Fig. 2 which shows 



Fig. 2. — Reversion of trained cells to equilibrium state. 

I. Series i, — i subculture in normal medium. 

II. Series 1 , — 18 subcultures in normal medium, 
ni. Series 2. — 4 subcultures in normal medium. 

IV. Series 2.' — 24 subcultures in normal medium. 

some characteristic lag-concentration (lag minimal with respect to age 
■of cells) curves for strains, initially trained to the maximum possible extent, 
and then grown in absence of the drug. The rapid but limited reversion 
is evident. 

The attainment of- the state just described represents a fairly well 
marked stage in the development of the adaptation. The reversion was 
found to be the same for cells which had just attained complete immunity 
(as measured by the absence of lag in presence of proflavine) as for those 
which had been subcultured a further 20 times at the high proflavine 
concentration. On the other hand, a total of 80 passages gave rise to a 
strain which retained its full immunity for at least several passages through 
the normal medium. Thus it ^ appears that ultimately the immunity 
attained may be not only complete but stable, though the stable state is 
reached only after very thorough training indeed. The extent of the 
reversion from the state of complete but unstable immunity does not 
appear to depend upon small variations in the history of the cells during 
the training process. In one experiment two strains were trained in 
■different ways to grow ultimately in 1540 mg./l. First, both were grown 
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until immune to- 225 mg. /I. : one was then transferred to 430 and then 
to 1540, while the other was trained in gradual stages up to 430 mg./L 
and then grown 6 times alternately in 430 mg. /I. and normal medium, 
before a final transfer to 1540 mg. /I. The reversion of both strains was 
similar. 

As regards the properties of the liighly trained cells, botli in prollavine 
and in the normal medium, the growth rate and the lag-age relationships 
are, within the limits of measurement, identical with those of the untrained 
cells in the normal medium. Certain enzymatic differences between the 
strains can be detected and will be discussed elsewhere, but essentially 
the cells stably immune to 2000 mg./h proflavine showed the reactions 
of a typical strain of Back lactis aevogenos. (We are indebted to Dr, Vollum 
for an independent examination of the strain.) 

Artificially Induced Reversion, — Preliminary work 2 had indicated 
that cells immune to one antibacterial substance might regain their 



Fig . 3 , — eversion iud n ccci 
by phenols, 

I. Immune parent 
strain. 

II. 0'023 % cresol. 
in, 0*038 % cresol. 

IV. 0*052 % cresol. 

V. 0*07 % cresol. 

VI. 0*14 % phenol. 


sensitivity when grown in presence o£ another. In particular, it was 
found that proflavine-resistant organivsms lost tiieir immunity when grown 
under suitable conditions in presence of tertiary butyl alcohol or w~cresoL 

Further work has shown that the reversion induced in this way by 
^.-butyl alcohol is erratic and rarely complete. On the other hand, cells 
grown under the approjuiatc conditions in m-cresol lose their adaptation 
in a systematic and reproducible manner. 

The parent strain for most of these experiments was one which had 
been trained initially to 2000 mg. /I. and then grown several times in the 
normal medium. As stated in the preceding section, this results in. a 
partial lapse of immunity, but yields cells stably immune to proflavine 
concentrations np to about 200 mg. /I. 

These cells were inoculated into a series of media containing various 
amounts of cresol and at three different ages — during the logarithmic 
phase, at the end of it, and twenty-four hours later. From each of the 
cresol-cultures that grew, cells were inoculated into the normal medium 
once or twice, and thence (at the stage of minimum lag) into a series of 

* Davies, Hinshelwood and Pryco, Trans, Faraday Sac., 1944, 40, 397. 
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media containing proflavine, to mea, ure the extent of the residual im- 
miinity, if any. 

Maximum reversion was found with the cresol cultures inoculated 
from a young, actively growing, parent. For these the various lag- 
proflavine concentration curves are shown in Fig. 3. For comparison, 
the lag-concentration curve for the untreated cells is also given. It can 
be seen that a graded reversion occurs, which increases regularly with 
rising cresol concentration. The shape of the curves will be commented 
on later. Complete loss of immunity only occurs when there is enough 
cresol to delay growth for one to two days. 

It was thought that this behaviour might be connected with the 
tendency of Bad. lactis aerogenes to grow into long filainentous forms in 
presence of m-cresol.^ Reversion was, however, observed without fila- 
ment formation in cresol. Indeed, proflavine-trained organisms very 
rarely grew into the thread-like forms under conditions where normal 
untrained cells quite regularly did. Moreover, growth in presence of 
phenol — ^which has not been observed to give rise to the filament forms 
— also causes some lapse of immunity. In general, it may be said that 
adaptation to proflavine is reversed with considerable difficulty. Cells 
adapted to the lower proflavine concentrations are stable even to the 
cresol-induced reversion. A strain trained to 68 mg./L showed little or 
no loss of immunity when subcultured in cresol under conditions which 
would have caused complete reversion of a more highly trained strain. 

Discussion. 

The hypothesis already advanced supposes that the drug exerts its 
principal action in inhibiting the operation of a particular enzyme, and 
thus, indirectly, others dependent on it : that there is in consequence an 
increase per cell in the amount of enzymes whose synthesis is not affected, 
and that these (or one of them) produce in consequence greater supplies 
of an intermediate, which compensates for the action of the drug. In the 
first part of the following discussion this hypothesis will be assumed. 

(u) Adaptation to Very High Concentrations. 

There is, according to the hypothesis referred to, no reason why 
immunisation should not be carried to the highest 'drug concentrations. 
The fact, however, that beyond a certain point training at a given con- 
centration immunises to far higher concentrations calls for an explanation. 
A simple hypothesis is that the amount of drug which the cell can take 
up is limited. Above a certain concentration, Cmax.i further additions of 
drug to the medium are irrelevant to what happens in the cell. The follow- 
ing course of events would then be expected. As the cells are progressively 
trained, a state is reached where they will just grow, though with a long 
lag, at Cmvix. — and, by hypothesis, with the same lag at much higher con- 
centrations. At this stage the lag-concentration curve for the strain, 
instead of rising steeply to infinity at a certain point, would turn over 
horizontally. Completion of the training rnerely lowers this horizontal 
line until the strain grows with no lag at any concentration. This is what 
is observed. 

(6) Reversion to an “Equilibrium ” State. 

As described above, certain strains of highly trained cells may revert 
in drug-free medium, not to the original state of unadapted cells, but to 
a sort of equilibrium state, corresponding not to the highest, but still to 
a considerable degree of training. According to the hypothe'sis referred 
to at the beginning of this discussion, when cells are returned to the 

® Spray and Lodge, Trans. Faraday Soc., 1943 , 39» 425- 
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normal medium two cases arise. In the first, there iu a restoration of the 
normal enzyme balance and in the second, a retention of the changed 
balance. The removal of the drug action allows the expanded part of 
the enzyme system to produce metabolites in excess of the normal. If 
this excess stimulates the increase of the inhibited part of the enzyme 
system relatively to the expanded part reversion occurs. If the excess 
metabolite fails to stimulate this readjustment, then there i.s no rever.sion. 
Since rates of enzyme synthesis must be related to substrate concentration 
by equations resembling adsorption isotherms, the growth of enzymes 
involved in reversion may easily be independent of excessive metabolite 
concentrations, in which case there will be no respotise to the removal of 
the drug, and no reversion will occur. 

As far as this argument goes, there is no reason why an indefinitely 
high degree of training should not be retained. But new factors must 
eirter into the situation. We have two states of affairs : in one the 
highly trained strain reverts rapidly to an. equilibrium state of lower train- 
ing ; in the other, much more difficult to attain, it is stable. 

The explanation must be sought in the relation of the expanded 
enzyme systems to the rest of the cell. In response to the drug action 
the expansion can occur readily, and adaptation is complete (from the 
point of view of lag and growth rate) as soon as the changed balance is 
established, But an excessive degree of expansion can hardly occur 
without setting up some kind of strain in the rest of the cell. The easing 
out of this is necessary before the adaptation is stable. The equilibrium 
state described above would represent the maximum enzyme modification 
which the cell will tolerate without strain. The course of training is thus 
envisaged in the following way : first, enzyme expansion without strain 
(stable) up to a maximum : then, further enzyme expansion accompanied 
by strains in the cell : finally, a more complex adaptation of the cell as a 
whole whereby the strain is relieved and the highest degrees of adaptation 
become stable. 

The strain referred to might quite well be of a purely structural or 
crystallographic nature — and in some ways this is the simplest hypothesis 
to make : this type of interpretation has beeir developed in order to explain 
adaptation to utilise alternative carbon sources. 

Alternatively, the strain might represent certain excessive demands 
upon the metabolic processes of the coll enzymes generally. Since 
training to the high concentration does in fact occur, the demands for 
the synthesis of the expanded enzymes are being met in presence of the 
drug. Reversion might mean that they are not mot in tlio normal 
medium. The reason may well be that some part of the enzyme system 
has not only been produced in abnormally largo amount by the adaptation 
but, when the drug is removed, operates per unit amount at an increased 
rate. This involves extra demands on certain substrates. Such demands 
may compete with others, including those which supply materials lor 
the .syirthesis of the expanded part of the enzyme system itself. Thus 
its own excessive expansion is indirectly responsible for the cutting off of 
its own supplies. Hence its growth rate, relatively to that of the cell as 
a whole, may be adversely affected, and it will shrink until other enzymes 
are again able to supply it. The equilibrium state will then be reached. 

According to this view the equilibrium state is a function of the 
enzyme balance in the cell as a whole, and can therefore, in principle, 
depend upon the adaptive histox'y of the cell. In this way we might 
explain the great stability to reversion of the cells which had been given 
3o further training passages through proflavine. In the course of this 
long history all kinds of auxiliary adjustments could have occurred, making 
other enzymes assume a more harmonious balance with the expanded ones. 
These changes could be qualitative ones as well as simply quantitative 

^ Postgate and Plihshelwood, Trans, Faraday 5oc., press. 
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ones, the original sequence of processes involved in growth being gradually 
superseded by others, 

(c) Reversion in Relation to Selection. 

It would be imprudent not to consider how far the facts about re- 
version of training can be explained by the superposition of adaptive 
changes within the cells and selective shifts in the balance of an inhomo- 
geneous population. We will begin by assuming an inhomogeneously 
trained population of cells. The degree of training of a given cell can be 
specified in terms of the drug concentration p to which it is fully adapted, 
and the whole population will be characterised by the frequency distribu- 
tion of p values. If this distribution has a sharp maximum in the region 
of Pi, then the culture as a whole will appear to show this degree of adapta- 
tion. There will be some cells with values of p less than Pj down to a 
limit of Pa- As training proceeds the limit p^ gradually moves up from 
zero towards p^. Now if we further assume that the less higlily trained 
cells have a certain advantage in the normal medium over the more highly 
trained ones, then, in the absence of the drug, the population balance 
will shift so that Pmax. (detomining the b_ehaviour of the culture as a whole) 
shifts from the region of p^ to that* of p.^. We shall then, for the three 
stages of proflavine training, have the following relations. For low 
degrees of training, the distribution has a sharp maximum near the train- 
ing concentration. For the highly trained cells there is a maximum 
near the training concentration, and definite numbers of cells with values 
of p down to Pa which is considerably lower. The reversion is limited 
by this value, below which there were sujDposed to be no cells in the trained 
culture. Very elaborate training may eliminate all the cells with values 
of p much below Pi, in which case the culture would be stably trained. 
But this final elimination would be difficult and lengthy. 

This view of the matter has at first sight great advantages in explaining 
the facts about reversion and might seem to supersede the discussion 
given in the earlier paragraphs. But- the advantage is more apparent 
than real. In the first place, there is no evidence that the less highly 
trained strains are in any way more favourably placed for growth in the 
normal medium. In the second place, a statistical distribution of p 
values is very unlikely to arise except from causes which will continue to 
operate in the partially de-trained strain. Therefore, to explain the 
limited reversion we have to invoke some hypothesis to explain why, 
when p falls below a certain value, no cells of lower resistance appear, 
or why, if they do appear, they do not outgrow the others. We are thus 
faced with the original problem once more. That selection must operate 
to some extent is cleax", and is discussed in a later paragraph, but it can 
hardly interpret the facts without auxiliary hypotheses which might as 
well be applied directly to the cell material in general. 

The situation would, of course, be different if the population were 
always an inhomogeneous mixture of non-inter convertible strains of difierent 
drug sensitivity, the relative proportions of which are modified by train- 
ing. The reasons for rejecting this extreme form of the selection view 
are as follows : (i) the degree of adaptation is quantitatively related to 
the drug concentration, to explain which an infinite number of substrains 
would have to be postulated— an unlikely assumption unless the strains 
may be formed one from another. (2) Stable trained strains, from which 
by hypothesis all sensitive members have been eliminated, can suffer 
induced reversion. (3) The alteimative hypothesis of changes in the cell 
material as a whole interprets the facts sufficiently well. 

{d) The Superposition of Adaptation and Selection, 

In spite of what has just been said, selection must automatically be 
superimposed on any other adaptive mechanism. 
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On the one hand, in training, it will accentuate and accelerate the 
operation of other mechanisms, since the first cells to become adapted, 
even if they owe their priority only to chance, will have an opportunity 
to outgrow the rest. Although on this basis it is only necessary theoretically 
for one cell to become adapted initially, this adaptation will have been 
conditioned by the drug concentration in the medium and the degree of 
immunity will correspond. Thus the rate only, and not the final extent 
of the adaptation will be modified by selection. 

On the other hand, selection may seriously retard the loss of adaptation. 
If by some treatment (such as growth in presence of cresol) the population 
is almost entirely de-trained, so that only a small fraction of immune 
cells remain, these survivors will tend to outgrow their more sensitive 
competitors. The quantitative aspect of this is interesting. Suppose 
I % of immune cells were left in the population. As an approximation, 
consider separately the behaviour of the two parts of the inhomogeneous 
culture when inoculated into media containing the original antibacterial 
at various concentrations, i,e. we imagine that we inoculate with loo 
cells, and that in one case the 99 sensitive ones grow, while in the other 



Fig. 4. 

(a) Apparent lag-concentration curves of mixed strain. 

(&) Lag-concentration curves for cultures containing varying proportions 
of immune cells. 


case only the i immune one grows. We plot two curves showing the 
relation between drug concentration and the apparent lag. of each strain 
[i.e. the value found by extrapolating observed logarithmic growth curves 
back to the same total initial count of 100). ABC (Fig. 4a) represents 
the curve for the more sensitive majority. XBY is that for the immune 
minority, XBY lies well above the true lag-concentration curve for the 
immune cells because it is calculated on the assumption that the inoculum 
is 100 whereas in fact only one grows in the way shown. X lies in fact 
above the real value by the time taken for the count to increase from r 
to 100. (A on the other hand only differs from the true lag by the time 
taken to grow from 99 to 100.) Now consider the apparent lag deter- 
mined experimentally for the mixed strain when both sensitive and 
immune strains are imagined to grow in competition. The lag observed 
is the lower of the two values given by curves ABC and XBY. The 
measured value therefore follows the curve ABY. At the point B rthe 
immune strain, in spite of its handicap from paucity of numbers, now 
reaches the threshold of visible growth before the sensitive strain. As 
the proportion of immune cell progressively drops the point X rises so 
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that the successive lag concentration-curves for the mixed strain con- 
stitiite the family shown in Fig. 46. 

For a complete lapse of immunity every cell in the culture must be 
individually modified. Thus loss of immunity may well be much more 
difficult than its original acquisition. As long as a few cells remain 
immune the inhomogeneous culture will behave qualitatively as described. 
Quantitatively, of course, the simplifying assumption of independent 
growth will not be satisfied. 

(e) Induced Loss of Proflavine Immunity during Growth in 
Presence of Phenols. 

The curves in Fig. 3, showing the residual immunity of proflavine- 
trained cells after growth in graded cresol concentrations, can be reason- 
ably interpreted as practical examples of the family of curves shown 
schematically in Fig. 46. This would imply that growth in cresol deprives 
most but not all proflavine-adapted, cells of their immunity, and that the 
residual proportion of trained cells is smaller the higher the cresol con- 
centration. 

In view of the simplifying assumptions made in the discussion in the 
last section, the correspondence between Fig, 3 and Fig. 46 would not 
be expected to be more than general and qualitative. But with this 
reservation the ideas there expressed would seem to account for the 
experimental facts. 


Summary. 

When trained by successive subculture in presence of proflavine at 
concentration, P, up to 200 mg,/l., Baot, lactis aerogenes acquires the 
ability to grow without lag at concentrations up to, but very little 
exceeding, P. After adaptation to higher concentrations, however, 
complete immunity may be attained, cells trained at 1500 mg./L, for 
example, growing immediately (provided they are of suitable age) at any 
concentration up to 3000 mg, /I. 

The complete adaptation is not initially stable. Cells trained to grow 
at 2000 mg./L pass through the following stages : adaptation incomplete : 
adaptation complete {i.e. cells grow without lag) but unstable — i.e. some 
of the immunity is lost on subculture in the absence of the proflavine : 
adaptation both complete and stable. 

In the unstable phase reversion occurs, not to the unadapted state, but 
to an equilibrium state corresponding to a lower, though still considerable 
degree of adaptation. The stable state is only reached after very pro* 
longed training. 

An induced loss of adaptation occurs when the cells are grown under 
appropriate conditions in presence of phenols. 

Selection of resistant types is considered an inadequate explanation of 
these facts : a theory of enzyme expansion and modification is preferred, 
though the superposed operation of selection on the other changes provides 
an explanation of cei'tain quantitative facts about the phenol-induced 
reversion. 

Physical Chemistry Laboratory, 

Oxford University, 
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Handbook of Mineral Dressing, Ores and Industrial Minerals.. 

By Arthur F. Taguart. (Chapman Sc Hall, TtM-5-) Fp. 1915. 

Price £2 I os. 

The earlier edition of this book, which appeared in 1927 under the 
title Handbook of Ore Dressing, suffered, to quote the author, "the usual 
fate of technical handbooks/' Indeed in these days of revolutionary 
ohange in engineering and scientific practice generally, it is doubtful 
whether any book written is not out of date, in many respects at least, 
almost as vsoon as it is published. However, the many usens of the earlier 
edition, who have come to regard it as the standard work in this field, 
will find the present volume no less comprehensive than its xn'edecessor. 

This is volume i of the handl)ook, dealing with the occurrence and 
treatment of metallic ores and non-metallic minerals. A second volume 
is planned to cover the preparation of fuels, and the processCvS by which 
the mineral concentrates are converted into useful jn-oducts. 

Many sections have been completely rewritten, for examine, those on 
the metallic minerals, grinding, flotation, and samxding and testing. 
Recent developments have necessitated the exi:)ansion or revision of 
much of the earlier edition, particularly the sections on crushing, screening, 
washing, gravity concentration and electrical concentration. The general 
scope of the book has been greatly extended by the inclusion of entirely 
new chapters on industrial minerals, cement, dust collection and air- 
sizing, and dry grinding. 

In his preface the author records his opinion that practice is still the 
best index of expectable performance, but desjutc this conviction the 
greatly improved resumd of recent experimental and theoretical research 
which introduces each section, indicates that the value of scientilic in- 
vestigation is not underestimated. The handbook is therefore no less 
useful to research workers in this field, tluin to those engaged in the 
practice of ore dreSvSing, 

IL C. S. 

Polymer Bulletin (Vol. i, No. 1). Edited hy Paui. M. Doty (Inter- 

science Publishers, Inc., New York, 1945. Pp. 1-23.) Subscription 

price, $2.40 a year. 

This Polymer Bulletin is a new and unusual venture for an academic 
establishment to use as a medium for giving news of its activities. Since 
Professor Mark went to the Polytechnic Institute of Brooklyn, New 
York, he has built up a very large and vigorous school of high polymer 
chemistry. This school is not necessarily confined to doing research 
but in it there are post-graduate courses of instruction and there are held 
at intervals discussions on specialised topics. There is, therefore, a special 
excuse for publishing this Bulletin which records the activities of the 
Bureau and gives in rather different form a description of the equipment 
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■of the laboratory and the progress of some of the main topics of research. 
In this way intending visitors may thereby get a very much more complete 
idea of the kind of laboratory to which they may go for some period of 
time. The Bulletin is published bi-monthly and is well illustrated. 

H. W. M. 

.'Structural Inorganic Chemistry. By A. F, Wells. (Humphrey 

Milford, The Clarendon Press, Oxford, 1945.) Pp. vii -f* 590. Price 

25s. net. 

Mr. Wells has earned our gratitude by writing this comprehensive 
yet detailed treatise on modern structural inorganic chemistry. The 
book is in two parts. The first is a general account of the theories of 
atomic and molecular structure and of the modern methods of investigat- 
ing structure, with special emphasis on those matters relevant to the solid 
■state ; the second is a systematic exposition of present knowledge about 
the structures of inorganic compounds. It is an ambitious undertaking ; 
and Mr. Wells can be congratulated on the high degree of success which 
he has achieved. He has provided us with a most valuable collection of 
information in a stimulating, balanced, and very readable form. The 
printei'wS are also to be congratulated on their work. 

One hopes that the book will run into at least a second edition ; so 
■some constructive criticisms may be offered. The separation into two 
" parts seems rather too rigid, with the result that the illumination of the 
facts in Part II by the principles in Part I is not as complete as it could 
be. There is some trace 0 f the tendency , common among crystallographers, 
to regard chemistry as merely a branch of solid geometry. Finally, the 
.annotation should be improved. Secondary sources of information about 
particular substances are used too freely ; and the method of reference, 
wliile only inconvenient if detailed information about a structure is 
sought, is of very little use at all for giving sources relating to general 
statements. 

Notwithstanding these last remarks, the book is a notable achievement 
and is strongly to be recommended. 

L. E. S. 

** ‘ Synthetic Rubber from Alcohol : A Survey based on the Russian 
Literature.” By A, Talalav and M. Magat. (Interscience Publishers, 
1945.) 

This book falls into two sections, of which the first comprises two 
■chapters, dealing with the chemistry and technology of the Russian pro- 
cesses for the production of synthetic polybutadiene rubber. This section 
contains a most interesting and valuable survey of the Russian literature, 
in the form of a connected account of the process and discussion of the 
principles involved. It is naturally impossible for the i-eviewer to estimate 
how far the account given represents current Russian practice. 

The second and larger section is divided into two chapters, entitled 
“ Polymerisation ” and " Physico-chemical Properties of the Polymer.” 
The object is to discuss the theoretical basis of the production of syn- 
thetic rubber, and to consider how the reported properties of the material 
can be correlated with its structure. This rather ambitious programme 
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has led to the inclusion of very useful brief summaries of some modern 
theoretical developments in the physics and chemistry of polymers. In 
these sections the treatment is, of course, general, and references are mainly 
to American and British work. As far as possible, however, examples of 
the application of these ideas are drawn from the literature on Russian 
synthetic rubber. Indeed, it would almost seem that where no suitable 
illustration could be found in the Russian work, a subject is omitted alto- 
gether. It is difficult otherwise to understand why no reference at all is 
made to the very important advances which have been made in elucidating 
the elasticity of rubber like polymers. 

The technology of the rubber — its compounding, vulcanisation and 
practical use — is not discussed at all. The section on physico chemical 
properties is confined to the raw polymer, and deals with such topics as 
structure, molecular weight, plasticity, solubility and chemical reactivity 
(especially oxidisability) . 

The main value of this book to English readers will be in providing a 
guide to the very extensive Russian literature. All who have worked on 
rubber or polymers will be aware of the long standing need for such a 
service. Abstracts are seldom full enough to be of much service and the 
language bars most workers from the original papers ; such a survey 
as this is the more welcome. This thorough and critical review sets the 
Russian work against a background of contemporary work in other 
countries, and will enable the extent of its very real contribution to be 
more widely realised. 


G, G. 



MINUTES OF THE 39th ANNUAL GENERAL MEETING 

Held on Thursday, 28th. September, 1945, at 10.30 a.m., at University College, 

London, W.C. i. 

The President, Professor E. K, Rxdeal, U.Sc., F.E.S., was in the 

.Chair. 

1. The Minutes of the 38th Annual General Meeting were taken as read and 
confirmed. 

2. The Annual Report and Statement of Accounts, together with the report of 
the Auditors for the year 1944, ’^ere presented by the Honorary Treasurer, 
who emphasized the continuing financial soundness of the Society. The Report 

' was unaninously adopted, and on the motion of Professor E. G. Evans, seconded 
by Dr. O. J. Walker, the thanks of the Society* were accorded to Dr. Slade for 
his successful trusteeship of the Society's affairs. 

3. The Officers and Ordinary Members of Council were elected to take office 
on the ist October as follows — 


President. 

Prof. W. E. GARNER, D.Sc., F.R.S. 

Vice-Presidants who have held the Office of President. 

Prof. F. G. Donnan, C.B.E., Ph.D., F.R.S. 

Prof. C. PI. Desch, D.Sc., F.R.S. 

Prof. N. V. Sidgwick, Sc.D., D.Sc., F.R.S. 

Prof. M. W. Travers, D.Sc., F.R.S. 

Prof. E. K. Rideal, M.B.E., D.Sc., F.R.S. 

Vice-Presidents. 

Prof. A. Findlay, Pres., D.Sc. R. Lessing, Ph.D. 

C. H. Goodeve, D.Sc., F.R.S. Prof. M. Polanyi, F.R.S. 

R. O. Griffith, M.Sc. Prof. S. Sugden, D.Sc,, F.R.S. 


Honorary Treasurer. 
R. E. Slade, D.Sc. 


Chairman of the Publications Committee. 
Prof. A. J. Allmand, D.Sc., F.R.S. 


Ordinary Members of Council, 


T. Beacall, O.B.E. 

G. M. Bennett, M.A,, Sc.D, 
A. Caress, B.A., P.ti.,D. 
Prof. C. W. Davies, M.Sc. 
Prof. M. G. Evans, ,D.Sc. 
R. W. Lunt, Ph.D. 


XhiOF. II. W. MELVILI.E, PhD., F.R.S. 

If 1 . G. Rawlins, M,Sc„ F.R.S.E., 
F.Inst.P. 

H. W, Thompson, M.A,, B.Sc., D.Phil. 
O. H. Wansboro UGH- Jones, Ph.D. 


The President then, on behalf of the members, welcomed the Pre.sident-Elect 
to his forthcoming office and amid acclamation, Professor Garner expressed 
his appreciation of the honour accorded to him and his resolve to do his utmost 
to serve the Society. 

Thereupon Professor Ingold, on behalf of British members, and Fkofessor 
Kruyt, for overseas members, expressed to Professor Rideal the Society's 
thanks for his untiring and eminently successful work for the Society during 
a critical seven yeans in its history. Professor Rideal, in thanking the members, 
expressed his personal thanks to his colleagues upon the ' Council, to the 
Sc3cretary and to Miss Kornitzer in the Society’s offices. Pie had hoped that 
the loooth member of the Society would be elected during his Presidency; 
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it was therefore a special pleasure to him, when about to relinquish office, 
to announce that, despite the removal from the Register of all enemy members, 
there wero that day 1054 members of the Society. 

llie President referred with grief to the loss the Society had suffered by the 
gallant death of Professor I-eif Trj^instad in Norway after the successful accom- 
plishment of his important mission in April. Professor Dounan told the 
Society of the murder by the enemy of the Society's distinguished member. 
Professor Ernst Cohen. 

4. The thanks of the Society were accorded with acclamation to the other retiring 
Officers and Members of Council. 

This concluded the business of the Meeting. 


MINUTES OF A SPECIAL GENERAL MEETING 

Held at University College, London, at ir a.m. on 27th September, 1945. 

The notice convening the meeting having been read by the Secretary, the 
Rules of the Society were unanimously amended in manner following : 

In rules 3, 5, 7, 13, 14, 15, wherever the words “ Student Member " or 
" Student Members " appear, substitute “ Junior Member " or " Junior 
Members," as the case may be. 
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